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EVALUATING PERSISTENT ORGANIC POLLUTANTS (POPS) AND 
MERCURY IN THE WEST ANTARCTIC PENINSULA (WAP) FOOD WEB, WITH 
A FOCUS ON ANTARCTIC FUR SEALS (ARCTOCEPHALUS GAZELLA)
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ABSTRACT
13Persistent organic pollutants (POPs), total mercury and stable isotopes (6 C
15and 8 N) were measured in biota (phytoplankton, krill, fish and seal milk) from the
West Antarctic Peninsula (WAP) food web in order to better understand linkages in 
the food web, and dynamics of contaminant transfer and accumulation. Results from 
this study suggest that several factors contribute to the POPs concentrations in these 
organisms. Breeding status had a significant effect on POPs concentrations in 
Antarctic fur seal milk, with first-time breeding females having higher POPs 
concentrations than females that had bred previously. Additionally, changes in global 
emissions of POPs were consistent with patterns of some POPs, which showed 
decreasing concentrations in fur seal milk during the time period from 2000 to 2011. 
Factors, such as migration, may also contribute to the observed temporal patterns in 
POPs concentrations. The findings from this study indicate that POPs and total 
mercury are biomagnifying in the WAP food web, affecting concentrations in biota. 
High concentrations for some POPs in phytoplankton suggest that factors other than 
the biomagnifying nature of these contaminants influence POPs concentrations in 
lower trophic level organisms. These factors include physiological differences, 
differential partitioning of POPs between different species and tissue types, and local 
inputs of POPs into the aquatic environment via glacial melting. Chemical tracers, like 
POPs, mercury and stable isotopes, provide information about the diets of apex 
predators, like the fur seal. Results from this study suggest that fish may contribute
13
more to the diet of fur seals than has been indicated by previous research. Overall, the 
combined use of multiple tracers including POPs, total mercury and stable isotopes 
provided valuable insights about the diet of the Antarctic fur seal, as well as 
relationships between organisms that represent different trophic levels within the food 
web.
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CHAPTER 1: INTRODUCTION
15
PROJECT OVERVIEW
Contaminants in the WAP Food Web
Although Antarctica is one of the most remote places in the world, researchers 
have found that it is not pristine (Risebrough et a l , 1976; Chiuchiolo et a l , 2004;
Geisz et a l, 2008). Persistent organic pollutants (POPs), such as dichlorodiphenyl- 
trichloroethane (DDT) and polychlorinated biphenyls (PCBs), and metals such as 
mercury, have been measured in the Antarctic ecosystem and are bioaccumulating in 
Antarctic organisms and biomagnifying in the food web (de Moreno et al., 1997;
Morel et a l, 1998; Corsolini et a l, 2009) (Figure 1).
POPs are ubiquitous and stable in the environment. These pollutants are likely 
delivered to Antarctica by long-distance atmospheric transport, where they 
subsequently bioaccumulate in plant and animal tissues, and biomagnify in food webs 
(Lohmann et al, 2007; Schwarzenbach et al, 2010). In addition, relict POPs stored in 
ice layers in Antarctica are being released into surface water due to glacial melting 
(Risebrough, 1976; Geisz et al, 2008). Once in surface waters, POPs are transferred to 
phytoplankton, accumulate in zooplankton, and biomagnify as animals at higher 
trophic levels in the marine food web ingest them (Corsolini et al, 2002; Goerke et al, 
2004; Geisz et a l, 2008; Corsolini et al, 2009).
Like POPs, mercury, a toxic trace metal, reaches the Antarctic environment via 
atmospheric transport and is deposited to snow and ice surfaces via wet and dry 
deposition (Steffen et al, 2008). Methylmercury (MeHg) is the species of mercury that
16
bioaccumulates in organisms and biomagnifies in food webs (Morel et al., 1998). In 
polar regions, some divalent mercury deposited from the atmosphere is sequestered in 
the snow pack and delivered to the aquatic environment from the snow pack via 
meltwater (Macdonald et al., 2005). Once in the aquatic environment, mercury species 
can be converted into methylmercury via biotic (microbial metabolism) and abiotic 
(chemical) processes. Like POPs, delivery of mercury to the aquatic environment in 
polar regions appears to be influenced by the melting of sea ice (Macdonald et al., 
2005; Gaden et al., 2009).
The release of mercury into the marine environment via glacial melting appears 
to have consequences for a top predator, ringed seals (Phoca hispida), by shifting their 
diets and, as a result, affecting the concentrations of total mercury in their tissues. 
Gaden et al. (2009) found a curvilinear relationship between the length of the Arctic 
ice-free season and total mercury in the muscle tissue of ringed seals (Phoca hispida), 
with seals having high total mercury concentrations in both short (2 months) and long 
(5 months) ice-free seasons. These authors suggested that high mercury concentrations 
in the seals during short ice-free season, relative to the mercury concentrations in the 
seals during ice-free seasons of usual length (~ 100-140 days), might be due to 
consuming older, more contaminated prey, such as Arctic cod. In contrast, elevated 
mercury concentrations in ringed seals during long ice-free seasons may result from 
greater abundance of cod and, consequently, increased consumption of mercury- 
contaminated cod by the seals (Gaden et al., 2009). With a warming climate in the 
Arctic, mercury levels in higher predators, like ringed seals, are expected to increase 
due to lengthening of ice-free seasons (Gaden et al., 2009). Similar trends are expected
17
in Antarctic regions since mercury has been detected in a range of environmental 
samples, including the atmosphere, ocean, and the snowpack (Steffen et al, 2008).
Few studies have determined whether the levels of POPs and mercury in 
Antarctic biota cause adverse effects on the wildlife (Kawano et al., 1984; Focardi et 
al., 1995; Vetter et al., 2003; Miranda-Filho et al., 2007; Corsolini et al., 2009). To 
date, most of these studies have focused on measuring concentrations of POPs in 
Antarctic organisms rather than evaluating the effects of POPs concentrations on 
higher trophic level animals. Focardi et al. (1995) measured the highest levels of PCBs 
in Weddell seals (Leptonychotes weddellii) and south polar skuas (Catharacta 
maccormicki), as well as the highest toxic equivalent factors (TEFs). The toxic 
potential of PCBs in these animals was indicated by toxic equivalents (TEQ) that were 
generally an order of magnitude below those in temperate birds and mammals (Focardi 
et al., 1995). Yet, the total PCB TEQ (2,3,7,8-tetrachlorodibenzo-para-dioxin (TCDD) 
equivalents) of the south polar skua (237.5 pg g '1 wet weight) approached TCDD- 
equivalent concentrations (0.4 to 1 ng g'1) (Kubiak et al, 1989; Tillit et al., 1991) that 
may cause severe reproductive impairment in birds (Focardi et al., 1995).
More research has been conducted in the Arctic to evaluate the harmful 
impacts of contaminants, such as POPs and mercury, on wildlife (Muir et al., 1988; 
Muir et al., 2000; de Wit et al., 2004; Muir and de Wit, 2010; Letcher et al., 2010) and 
these studies may provide insights about potential responses in the Antarctic. Reviews 
by Fisk et al. (2005) and Letcher et al. (2010) concluded that POPs posed a risk to 
high trophic level organisms, such as polar bears in East Greenland, Svaldbard, and 
(West and South) Hudson Bay, causing physiological and population-level effects.
18
POPs exposure has been linked to effects on reproduction (Derocher et al, 2003), the 
endocrine system (Skaare et al., 2002; Oskam et al, 2003; Haave et a l , 2003; 
Braathen et al, 2004), and immune system (Lie et a l, 2004; Lie et a l , 2005). A few 
studies found associations between mercury concentrations and adverse health effects 
in top predators, like marine mammals (Wolf et a l, 1998). A laboratory experiment 
correlated mercury exposure to an array of effects, including decreased body weight in 
offspring, reduced natural killer cell activity, slight increase in cerebellar 
noradrenaline, decline in appetite and body weight, lethargy, and death, in harp seals 
(Pagophilus groenlandicus) (Ronald et a l, 1977). Fisk et a l  (2005) determined that, 
so far, levels of mercury measured in Arctic marine mammals, ringed seals and 
walruses, appear to be below threshold levels for effects, like liver damage. More 
recently, Basu et a l  (2009) found that although concentrations of mercury in the brain 
stems of polar bears were lower than threshold levels associated with clinical 
neurotoxicity in other species of wild mammals, mercury appears to affect the N- 
methyl-D-aspartate (NMDA) glutamate receptor level, which is important for brain 
function. An effect on the NMDA receptor is one of the earliest known biological 
impacts from mercury exposure (Basu et a l, 2009).
Concentration data for POPs and mercury in some components of the West 
Antarctic Peninsula (WAP) food web are lacking, particularly for higher trophic level 
organisms, such as seals and fish. Limited concentration data for POPs are available 
for Antarctic fur seal milk (Bacon et a l, 1992) and Antarctic silverfish 
(Pleuragramma antarcticum) (Corsolini et a l, 2003; Goerke et a l, 2004), an 
important prey item in Antarctic food webs. Additionally, few studies have
19
documented the presence of mercury in Antarctic fur seals (Macolm et al., 1994; de 
Moreno et al., 1997). Since these contaminants have caused adverse effects in wildlife 
in some Arctic biota (Wolfe et al., 1998; Letcher at el., 2010; Muir and de Wit, 2010), 
it is important to document concentrations of these pollutants in Antarctic animals. 
Future studies are needed to address these gaps by determining the fate and possible 
effects of POPs and mercury in the Antarctic food web.
Since the pathway of contaminants from the snowpack to the aquatic 
environment via glacial melting may be changing due to global climate change (GCC), 
knowledge of the levels of these contaminants in the present food web is increasingly 
important. The WAP is one of the most rapidly warming places on Earth, with a 3°C 
increase in annual mean air temperature and a 6°C rise in mean winter air temperatures 
over the last six decades (Vaughan et al., 2003; Meredith and King, 2005). In 
comparison, global mean surface temperatures have risen by 0.74°C over the last 100 
years (Intergovernmental Panel on Climate Change, 2007). Climate warming may be 
causing an increase in glacial melting and, consequently, a source of “legacy” 
contaminants, like DDT and PCBs, to the ocean. Information about baseline levels of 
contaminants will enable monitoring of changes in the concentrations of contaminants 
in Antarctic biota over time, which will be important for detecting trends in the levels 
of POPs and mercury due to GCC.
Variables affecting Contaminant Concentrations in Female Antarctic Fur Seals
Many variables can influence contaminant concentrations in organisms. Factors 
such as the sex, reproductive state, age, diet, and migration patterns may affect
20
contaminant levels in different animals of the same species. Reproductively active 
female marine mammals have lower contaminant burdens than reproductively active 
males, likely due to placental and lactational transfer of contaminants to their pups 
(Tanabe et al., 1994; Beckmen et al., 1999; Ross et al., 2000; Ylitalo et al., 2001). 
Among female marine mammals, contaminant concentrations are higher in first-time 
breeding seals than concentrations in females who have bred previously, likely due to 
the placental and lactational transfer of POPs to their young (Beckmen et al., 1999). 
POPs concentrations vary with age of female mammals according to their reproductive 
status, increasing until the female begins producing offspring, decreasing thereafter, 
and increasing again once the animal reaches senescence (Tanabe, 1994).
Additionally, diet and migration may affect contaminant concentrations in 
marine mammals. Concentrations of contaminants typically increase with animals 
consuming prey at higher trophic levels due to the biomagnifying capability of these 
contaminants (Corsolini et al., 2002; Goerke et al., 2004; Corsolini et al., 2009). 
Migration influences an organism’s exposure to POPs. Polar animals with long­
distance migrations toward source regions for POPs, such as the south polar skua, have 
some of the highest concentrations of POPs among polar animals (Focardi et al., 1995; 
Corsolini et al., 2002; Geisz, 2010). Due to these complexities, studies are needed to 
investigate factors influencing contaminant concentrations in animals, such as the 
Antarctic fur seal, to increase our understanding of the fate and effects of contaminants 
on polar organisms.
21
Analysis of Marine Predator Diet via Chemical Tracers
The recent period of pronounced warming in western Antarctica coincides with 
declining abundances of krill, some phytoplankton species (e.g., large cell species), 
and some fish species (Atkinson et al., 2004; Montes-Hugo et al., 2009; Ducklow et 
al., 2012). The Antarctic silverfish (.Pleuragramma antarcticum) is thought to be 
important prey for higher predators and has recently declined drastically in the 
northern WAP (Ducklow et al., 2012). In particular, Antarctic silverfish, declined 
dramatically in the late 1990s and early 2000s in the Palmer Station region (Ducklow 
et al., 2012). Krill and Antarctic silverfish have life history strategies intimately tied to 
the sea ice and Antarctic silverfish, are considered an indicator species for cold 
continental shelf water. Changes in the abundance of prey species during this time of 
climate warming could alter the types of prey available to predators, perhaps even 
affecting their populations.
The distribution and abundance of apex predators, such as penguins, have also 
changed over the same time period (Ducklow et al., 2012). Prior to the 1950s, Adelie 
penguins were the only penguins nesting near Palmer Station, Antarctica (Emslie et 
al., 1998). However, over the last three decades as sea ice has declined along the 
WAP, gentoo and chinstrap penguins have begun breeding in the area and expanding 
their range southward, such that abundances of gentoos and chinstraps have increased, 
while the abundance of Adelies has declined around Palmer Station (Montes-Hugo et 
al., 2009; Ducklow et al., 2012). The shifts are occurring because gentoo and chinstrap 
penguins are better adapted to ice-free conditions than the ice-dependent Adelie 
penguins (Forcada et al., 2006; Ducklow et al., 2012). The impacts of climate change
22
on the distribution and abundance of marine mammals is poorly understood. However, 
like penguins, climate change in the WAP is predicted to negatively impact ice- 
dependent seals, while it may positively impact less ice-dependent seals (Siniff, 2008).
Together, these data suggest that climate change is affecting the abundances 
and distributions of Antarctic biota, likely altering the structure of the WAP food web. 
In order to better understand possible shifts occurring in the Antarctic food web due to 
changing climate, this project will use chemical signatures in the milk of a top 
predator, the Antarctic fur seal, and in their prey, to evaluate changes in the diet of fur 
seals over the last decade. This project has three primary objectives. First, the possible 
factors -  breeding status, diet, migration, and age -  affecting contaminant 
concentrations in Antarctic fur seal milk will be evaluated (Chapter 2). Second, this 
study will measure concentrations of contaminants in components of the WAP food 
web, including whole phytoplankton, whole krill, whole fish, and seal milk, assessing 
whether biomagnification of the contaminants is occurring in this food web (Chapter 
3). Third, the chemical signatures (POPs, mercury, and isotope values) of prey items 
(e.g., krill and fish) will be used to infer the diets of marine predators (seals) and 
provide insights about the Antarctic food web (Chapter 3).
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Figure 1. The Antarctic food web and biomagnification of POPs in the food web (a) Southern 
Ocean food web, demonstrating dependence of vertebrate carnivores on Antarctic krill (Euphausia 
superba) (from Quetin and Ross 1991). Heavy lines and circled predators indicate 90% of their 
prey is krill, medium width lines signify >33%, and narrow lines indicate <33%. (b) Figure from 
Goerke et al. (2004) demonstrating the biomagnification of POPs in an Antarctic food web. 
Concentrations of organochlorine contaminants in Antarctic species of different trophic level are 
shown, with bars representing means and standard deviations and bold numbers indicating 
biomagnification factors in relation to krill (I represents an herbivore, II a 1st level carnivore, and II 
a 2nd level carnivore). Note, the general increase in organochlorine compound concentrations and 
biomagnification factors with increasing trophic level.
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CHAPTER 2: FACTORS AFFECTING THE CONCENTRATIONS OF 
PERSISTENT ORGANIC POLLUTANTS IN ANTARCTIC FUR SEAL 
(ARCTOCEPHALUS GAZELLA) MILK
30
ABSTRACT
Persistent organic pollutants (POPs), contaminants that bioaccumulate in upper 
trophic level organisms, were detected in the milk of a top Antarctic Peninsula 
predator, the Antarctic fur seal. Factors contributing to variability in POPs 
concentrations, such as reproduction, diet, and migration, were evaluated. There were 
significant interannual differences in POPs concentrations in previously breeding 
female (multiparous) Antarctic fur seal milk from five breeding seasons between 2000 
and 2011. Multiparous females had significantly lower concentrations of certain POPs 
(toms-nonachlor, p,p ’ DDE, and several PCBs) in their milk than first time breeding 
females, likely due to lactational or placental transfer of the POP burden from mother 
to pup. The decreasing global usage of POPs and climatic changes over recent years 
were considered as factors contributing to the temporal variation of POPs 
concentrations in fur seal milk. The decreasing trends of some POPs concentrations in 
fur seal milk over the last decade coincide with declining global emissions for some 
contaminants. However, atmospheric concentrations in the Antarctic are not always 
consistent with global trends suggesting that additional factors may contribute to POPs 
trends in fur seals. Climate shifts over the past decade were not consistent with trends 
observed in the POPs concentrations in fur seal milk, suggesting that climate is not a 
key factor. Additional mechanisms, such as variability in the extent and geographic 
ranges of individual fur seals during over-wintering migrations are discussed and 
should be explored further.
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INTRODUCTION
Since nearly being extirpated due to overhunting in the 1800s, the Antarctic fur 
seal (Arctocephalus gazella) population has increased to a current population of 2 to 3 
million (Stewart et al., 2008). Yet, the population growth of Antarctic fur seals in 
particular regions, such as in Cape Shireff, Livingston Island, Antarctica, has slowed 
greatly in the last decade (Van Cise, 2008). Antarctic fur seals range from about 70°W 
near the Antarctic Peninsula to about 80°E in East Antarctica during the breeding 
season, but about 95% of the population breeds at South Georgia. From November to 
December, adult female fur seals return to the beaches of their familiar breeding 
grounds to give birth to a single pup within a few days (Lunn et al., 1994). The 
females rear their pups for about four months, during which they feed at sea and nurse 
their pups on land (Lunn et al., 1994). In the non-breeding season these seals forage in 
the open ocean. Their migrations are highly variable, extending up the coast of South 
America and into the Pacific Ocean (Hinke et al., 2012). Antarctic fur seals primarily 
consume krill, as well as fish and squid (Polito and Goebel, 2010). As a top predator in 
the Antarctic food web, their body burden of contaminants may be one of the highest 
(Corsolini et al., 2009).
Persistent organic pollutants (POPs), such as dichlorodiphenyl-trichloroethane 
(DDT) and polychlorinated biphenyls (PCBs), are stable anthropogenic compounds, 
having long half-lives in soil, water, and air (Jones and de Voogt, 1999), POPs tend to 
volatilize from soil and water to the atmosphere (Schwarzenbach et al., 2003). Due to
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their stability and volatility, POPs undergo long-range atmospheric transport, reaching 
regions distant from source locations. POPs accumulate in polar regions because of 
“global distillation,” the process by which contaminants condense out of the 
atmosphere at the lower ambient temperatures of high-latitude areas (Wania and 
Mackay, 1993). Additionally, POPs that have been sequestered in the layers of 
Antarctic ice sheets over time are currently being released into surface waters due to 
glacial melt (Geisz et al., 2008).
POPs bioaccumulate in organisms and biomagnify in food webs (Jones and de 
Voogt, 1999). POPs are hydrophobic and lipophilic, causing them to accumulate in the 
lipids of biota (Jones and de Voogt, 1999). The lipophilic nature of these compounds, 
as well as their slow metabolism in most organisms, results in their ability to 
bioaccumulate and biomagnify (Jones and de Voogt, 1999). After entering the 
Antarctic marine environment, POPs passively concentrate in phytoplankton, are 
consumed by and accumulate in zooplankton, and continue moving up the food web, 
generally increasing in concentration with trophic level (Risebrough, 1976; Corsolini 
et al., 2002; Goerke et al., 2004; Geisz et al., 2008; Corsolini 2009). POPs have been 
measured at all trophic levels in Antarctic food webs and high concentrations of POPs 
have been detected in some Antarctic organisms, challenging our historical conception 
of the Antarctic as a pristine marine environment (Geisz et al., 2008; Corsolini 2009).
To date, few measurements of POPs concentrations in the milk of Antarctic fur 
seals have been made. Bacon et al. (1992), for example, analyzed POPs in a small 
number of milk samples (n=3) from Antarctic fur seals. Studies have yet to be 
performed to determine whether the levels of POPs in Antarctic biota cause adverse
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effects. However, some research in the Arctic has documented harmful impacts. Fisk 
et al. (2005) determined that Arctic wildlife exposed to POPs for over thirty years 
experienced physiological and population-level effects, including immunosuppression, 
causing increased susceptibility to infectious diseases. A review by Letcher et al. 
(2010) describes an array of adverse health effects on Arctic biota related to POPs 
exposure, and identifies “hotspot” species and/or populations -  East Greenland and 
Svalbard polar bears and Svalbard glaucous gulls -  and documents effects on their 
immune function, reproduction, and stress level, among others.
Additionally, the health effects of POPs on polar biota may change due to 
environmental, ecological, and physiological stressors (anthropogenic and natural) 
(Muir and de Wit, 2010). Changes in sea ice and temperatures due to climate change 
may worsen the biological effects of POPs, for instance, by increasing the negative 
impacts of stressors, such as food shortage, disease, or competition with invasive 
species (Muir and de Wit, 2010). Since levels of these contaminants in polar biota 
cause adverse health effects and climate change may exacerbate the impacts of POPs 
on these organisms, it is important to determine the body burdens of POPs in top 
predators, such as Antarctic fur seals (Kawano et al., 1984; Focardi et al., 1995; Vetter 
et al., 2003; Miranda-Filho et al., 2007; Corsolini 2009).
Concentrations of POPs in marine mammals are influenced by diverse factors, 
including diet, breeding status, and migration (Tanabe et al., 1994; Ross et al., 2000; 
Ylitalo et al., 2001). Organisms consuming prey at higher trophic levels typically have 
higher concentrations of POPs due to the tendency of these contaminants to 
biomagnify (Corsolini et al., 2002; Goerke et al., 2004; Corsolini 2009).
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Concentrations of POPs may also change in response to reproduction. Body burdens of 
POPs in female seals, for example, may decrease due to lactational transfer of POPs to 
their young, a phenomenon found in several marine mammals (Tanabe et al., 1994; 
Beckmen et al., 1999; Ross et al., 2000; Ylitalo et al., 2001). Maternal depuration of 
POPs loads via transfer to their young has also been observed in a wide range of 
organisms, including amphibians, reptiles and birds (Drouillard et al., 2001; 
Rauschenberger et al., 2007; Liu et al., 2011). Additionally, migration may influence 
an organism’s exposure to POPs. Polar animals with long-distance migrations to 
source regions for POPs, such as the south polar skua, have some of the highest 
concentrations of POPs among polar organisms (Focardi et al., 1995; Corsolini et al., 
2002; Geisz, 2010). Together, all of these factors may affect the POPs body burdens of 
Antarctic fur seals.
Stable isotopes (513C and 515N) have been used to evaluate the diets of marine 
predators and may provide information helpful in explaining patterns seen in POPs 
concentrations (Polito and Goebel, 2010; Rey et al., 2012; Ramos and Gonzalez-Solis, 
2012). An enrichment of 3-5 parts per mil in nitrogen stable isotope values (515N) has 
been observed with each trophic level (plants to herbivores to carnivores) in many 
ecosystems (Minagawa and Wada, 1984). This enrichment occurs since the lighter 
isotope (14N) is preferentially excreted during amino acid metabolism and egestion 
(e.g., nitrogen lost in urine). In contrast, carbon stable isotope values (613C) have little 
or no trophic level enrichment, but vary across different source water masses (inshore 
vs. offshore, pelagic vs. benthic) and geographic locations (latitude) (Rau et al., 1982; 
Hobsen et al., 1994; Quillfeldt et al., 2005). Thus, 813C is a useful tracer of the
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geographic source of prey. 8 C and 8 N signatures have been used in combination 
with contaminants to elucidate uptake mechanisms, diet and food web structure 
(Stewart et al., 2004; Kainz and Mazumder, 2005) and have the potential to explain 
patterns seen in the POPs concentrations of Antarctic animals, such as seals that may 
feed at different trophic levels.
This study has three main objectives. First, I quantified POPs concentrations in 
Antarctic fur seal milk. Second, I tested the possibility that female Antarctic fur seals 
decrease their contaminant body burden via placental and lactational transfer to their 
young. Third, I examined changes in contaminant concentrations in Antarctic fur seal 
milk over time (2000 to 2011) and evaluated factors that may contribute to the 
temporal patterns.
METHODS
Study Site
Antarctic fur seal milk samples were collected by a number of researchers 
during the austral summers (December to February) from 2000 to 2011 at Cape 
Shirreff, Livingston Island (62°28’S, 60°46’W) (Figure 1). This area is part of the U.S. 
Antarctic Marine Living Resources (US AMLR) program’s long-term study of the 
breeding biology and population dynamics of Antarctic fur seals, established in 1997.
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Sample Collection
Seal milk samples were collected as described in Polito and Geobel (2010) 
(Table Al). In brief, female Antarctic fur seals were captured with hoop nets, sedated, 
and anesthetized. Milk samples were collected from females during their perinatal 
period, the time between parturition and a female’s first foraging trip, via manual 
expression following an intra-muscular injection of oxytocin. From each seal <30 mL 
(250 mg) of milk was collected and aliquots of the milk samples were transferred to 
pre-cleaned glass vials. The samples were flushed with nitrogen, sealed, and stored at - 
20°C until analysis.
Because the milk samples were taken from seals included in the US AMLR 
program, data including the breeding status (primiparous or multiparous) and age was 
usually available (Table A2). Primiparous seals are first-time breeding females, while 
multiparous seals are females who have bred previously.
POPs Analysis
The POPs analysis method is described in Geisz et al. (2008). In brief, seal 
milk was freeze-dried at -80°C for -72 hours prior to extraction. After freeze-drying, 
the samples were manually homogenized and ~1 g dry weight was subsampled. Seal 
milk was analyzed for several POPs, including DDT, PCBs and chlordane. A surrogate 
standard (containing deuterated a-hexachlorocyclohexane (a-HCH)) was added to all 
tissue samples prior to extraction via accelerated solvent extraction (Dionex ASE 200 
Accelerated Solvent Extractor: 1800 psi; 80°C; 3 cycles) with high-purity organic 
solvents (40 mL pesticide-grade 65:35 (v/v) dichloromethane (DCM):acetone). Total
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lipid content was determined gravimetrically by weighing small aliquots of the total 
extract. Samples were further purified using two H2 SO4 acid extractions. The acid (~ 1 
ml) was added dropwise while the samples were chilled in an ice-water bath. The 
samples were vortexed, kept in an ice bath for at least 1 hour, and the top hexane layer 
was collected. If separation between the hexane and lipid layers was poor after 
vortexing and chilling the samples, an additional 1 to 2 ml H2 SO4 was added. 
Furthermore, for some samples, the sample tubes were inverted to mix the acid 
thoroughly with the extract since vortexing produced too severe of an acid-lipid 
emulsion. Two additional hexane rinses (2-4 ml) were performed, adding hexane to the 
bottom acid-lipid layer, vortexing the sample, and transferring the solvent layer to the 
sample collection test tube. The extract was reduced in volume to 4-5 ml and the 
second acid extraction was conducted following the previously described procedure. 
The samples were then blown down with N2 to ~1 ml and further purified using 
column chromatography. Column chromatography was performed using 8 g of pre­
cleaned silica (Sigma-Aldrich, Co., soxhlet-extracted with DCM for 72 hours, mesh 
size 100-200) that had been deactivated by adding 15 drops of hexane-extracted 
deionized water. Two grams of pre-cleaned Na2 SC>4 (400°C for 4 hours) was added on 
top of the silica column. During the column chromatography purification procedure,
10 ml hexane were added to the column and discarded. After this step, 50 ml of 30:20 
(v:v) DCM:hexane were added and the eluent was collected. Lastly, an additional 25 
ml hexane was added to the column and collected. The fractions isolated by column 
chromatography were reduced in volume (rotary or turbo evaporation) with high purity 
N2 and an internal standard with deuterated y-hexachlorocyclohexane (y-HCH) was
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added to each extract. The extracts were concentrated to -100 pL and transferred to a 
storage vial. POPs concentrations in the seal milk samples were analyzed using gas 
chromatography-negative chemical ionization mass spectrometry (GC-MS). Control 
procedures included analysis of laboratory blanks and intercalibration by analysis of 
standard reference materials (SRMs) from the U.S. National Institute of Standard 
Testing (NIST). Concentrations of contaminants are reported on a lipid-normalized 
basis (ng g '1 lipid). Surrogate standard recoveries ranged from about 65 to 100%. POPs 
in the seal milk samples were quantified relative to surrogate standards. Peak areas 
were determined for targeted POPs and surrogate standards for each sample, and 
relative response factors were determined by analysis of standards.
513C and 515N Analysis of Antarctic Fur Seal Milk
513C and 515N signatures of Antarctic fur seal milk were determined using an 
elemental analyzer-isotope ratio mass spectrometer (EA-IRMS) at the Virginia 
Institute of Marine Science (VIMS). The elemental analyzer was a Costech ECS 4010 
CHNSO Analyzer (Costech Analytical Technologies, Inc.) and the isotope ratio mass 
spectrometer was a Delta V Advantage Isotope Ratio Mass Spectrometer with a 
Conflo IV Interface (Thermo Electron North America, LLC). A small number of seal 
milk samples (from the 2005-06 breeding season) were analyzed at the University of 
Califomia-Davis Stable Isotope Facility, using a PDZ Europa ANCA-GSL elemental 
analyzer interfaced to a PDZ Europa 20-20 isotope ratio mass spectrometer (Sercon 
Ltd., Cheshire, UK) and were prepared for the analysis in the same way as the seal 
milk samples analyzed at VIMS.
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Since the seal milk samples had high lipid content (-60% lipid), lipids were 
removed from sub-samples prior to isotope analysis using the ASE. Lipids were 
removed since they have lower S13C values relative to bulk carbon and other classes of 
biochemicals, which may bias 513C values of tissues with variable lipid content 
(Peterson and Fry 1987). After samples were extracted for POP analysis on the ASE, a 
solution of chloroform: methanol (1:2; v:v) was used to remove lipids (Bligh and Dyer 
1959). Samples, contained in pre-cleaned (72 hour soxhlet extraction with 1:2 
chloroform:methanol mixture) filter papers (55 mm, hardened ashless, Whatman), 
were removed from the ASE cells following lipid extraction and transferred to pre­
cleaned glass jars. Solvent was allowed to evaporate from the samples in a hood (~ 1 
hour) and samples were kept frozen until stable isotope analysis (-20°C). About 1 mg 
dry weight of sample was weighed out for stable isotope analysis and wrapped in tin 
cups (5x9 mm, pressed tin capsules, Costech). Blanks and international standards 
(USGS 40 and USGS 41) were analyzed on the EA-IRMS after every ten samples. 
Samples were analyzed for 13C/12C and 15N /14N and expressed as 513C and 815N based 
on the Vienna PeeDee Belemite and atmospheric nitrogen (AIR) standards, 
respectively.
Data Analysis
Prior to statistical analyses, the data were manipulated to handle concentrations 
of POPs that were below detection of the GC-MS and address minor contamination 
introduced during the extraction procedure, as determined by analysis of routine 
blanks. Contaminants were reported that were detected in the majority of samples. For
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the small number of samples in which concentrations of POPs were below detection 
and thus not quantifiable, the lowest concentration of the contaminant for the group 
(primiparous vs. multiparous, or breeding year) was determined and divided by three 
(Dickhut et al., 2009; Geisz, 2010), and this value included in the data set. For seal 
milk POPs concentrations for five breeding seasons (2000-01, 2001-02, 2004-05,
2009-10, and 2010-11), the contaminant concentrations were blank-corrected since a 
minor and brief contamination event occurred in the lab while these samples were 
being extracted.
Since significant differences were found between the POPs concentrations of 
primiparous and multiparous seals (see below), and the sample size for multiparous 
seals was larger (n=24, 2005-06), only POPs concentrations of multiparous seals were 
used to evaluate interannual variations in POPs concentrations. POPs concentrations of 
primiparous seals were not analyzed separately since milk from primiparous seals was 
only collected from one breeding season (2005-06). Data from the 2005-06 breeding 
season were excluded since the sensitivity of the GC-MS at the time these samples 
were analyzed was lower than when the other samples were analyzed. This resulted in 
fewer quantifiable compounds for samples collected during 2005-06 than during the 
other breeding seasons (2000-01, 2001-02, 2004-05, 2009-10, and 2010-11).
All statistical analyses were performed using R statistical software and data 
were tested for normality and heterogeneity of variance prior to analysis. Since most 
POPs concentrations across breeding seasons and for primiparous and multiparous 
seals failed the normality tests, a Box-Cox transformation was performed on all data.
A student’s t-test was conducted for each compound to test for significant differences
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in the concentrations of each contaminant between primiparous and multiparous seal 
milk. To evaluate variation in POP concentrations across breeding seasons, POPs were 
grouped according to similarities in chemical properties as follows: “HCHs” (y- and a- 
HCH), “Chlordanes” (y- and a-chlordane, and oxychlordane), “Nonachlors” (trans- 
and cA-nonachlors), “DDTs” (p,p ’ DDE, o,p ’ DDT,/>,p ’ DDD, and p,p ’ DDT), 
“Mirex” (only mirex), and “PCBs” (all PCBs detected). Variation in each contaminant 
group (HCHs, chlordanes, nonachlors, DDTs, mirex, and PCBs) across five breeding 
seasons was analyzed using one-way ANOVA with pair-wise comparisons. Temporal 
variation was also evaluated for individual compounds within each group using one­
way ANOVA with pair-wise comparisons. Differences were identified as significant 
whenp  <0.05.
Linear regression analysis was used to determine whether there were
1 'X 1 ^relationships between (1) POPs concentrations and 5 C or 5 N values, (2) POPs 
concentrations and age of seal, and (3) POPs concentrations and breeding season. All 
POPs were used in these analyses. Age data were available for most, but not all seals, 
while POPs, 513C and 615N, and breeding season data were available for all seals.
Note, POPs concentrations, 513C or 815N signatures, age, breeding season and sample 
ID are presented in Tables A3 through A5.
RESULTS
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POPs Concentrations in Milk from Primiparous and Multiparous Seals
Concentrations of POPs were compared between primiparous and multiparous 
Antarctic fur seals only for those samples collected during the austral summer of 2005- 
06 (Table 1). For pesticides, concentrations of /raws-nonachlor andp ,p ' DDE were 
significantly higher in primiparous seal milk than multiparous seal milk (p=0.027 and 
0.026, respectively) (Figure 2). No other significant differences were found for 
pesticides. For almost all PCBs, primiparous seals had significantly higher 
concentrations of PCBs in their milk than multiparous seals (p=0.012 for PCB 105; 
£<0.01 for PCBs 118, 128, 138, 153, 167, 170, and 180) (Figure 3). The only PCB 
congener for which concentrations were not significantly higher in primiparous seal 
milk than multiparous seal milk was PCB 101. Among the POPs that did not have 
statistically different concentrations in primiparous vs. multiparous seal milk, the mean 
was generally higher in milk from primiparous than multiparous seals (e.g., a- and y- 
HCH, oxychlordane, a- and y-chlordane, czs-nonachlor, and PCB 101). For one POP, 
mirex, concentrations were higher in multiparous seal milk than primiparous seal milk. 
Although some POPs concentrations in fur seal milk are significantly different 
between primiparous and multiparous fur seals, which are typically less than and 
greater than five-years-old, respectively, age alone does not appear to be a factor 
contributing to variation in POPs concentrations. No significant correlations were 
found between POPs concentrations and age of the seals (data presented in Tables A3 
through A5).
43
POPs Concentrations across the Last Decade
Concentrations of several contaminants in the seal milk samples decreased over 
the time period of this study with the most marked changes generally observed 
between 2000-2001 vs. 2004-2005 and/or 2010-2011 (Figure 4-6, Table 2). However, 
within groups of POPs, individual compounds displayed a range of temporal patterns. 
Alpha-HCH exhibited significant temporal changes in concentration with the greatest 
difference between 2000-2001 and 2010-2011, but also significant variation during 
intermediate years (Figure 4b). In contrast, y-HCH did not exhibit any trends across 
the breeding seasons that were sampled. Concentrations of some chlordanes (y- 
chlordane, and oxychlordane) decreased across breeding seasons (e.g., oxychlordane 
concentrations were higher in 2000-2001 and 2001-2002 than 2004-2005, 2009-2010 
and 2010-2011; jo<0.001), while concentrations of cx-chlordane were similar across 
breeding seasons (Figure 4b). The nonachlors (trans- and czs-nonachlors) and mirex 
exhibited significant decreases in concentration over time (p<0.001), as well as 
differences between specific years (e.g., 2000-2001 vs. 2004-2005, 2009-2010 and
2010-2011). Similarly, significant differences in the concentration of DDT and its 
degradation products were observed over the time period of the study, but only some 
compounds {p,p ’ DDT and o,p ’ DDT) exhibited significant differences across specific 
years (e.g., 2000-2001 vs. 2009-2010 and 2010-2011) (Figure 4). For several PCBs, 
there were significant differences in contaminant concentrations between at least two 
breeding seasons (p<0.001 for PCBs 128, 138, 156, 170, 180, 187, 195 and 206; 
^=0.002 for PCBs 105 and 153; ^ =0.01 for PCB 101; ;?=0.02 for PCB 118 andl67) 
(Figures 5-6). Overall, these results indicate that POPs concentrations in fur seal milk
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varied temporally across breeding seasons spanning a decade, with the 2000-01 
breeding season having notably higher concentrations of POPs than seal milk from the 
succeeding breeding seasons.
513C ad 815N Signatures of Antarctic Fur Seal Milk
Mean 815N and S13C values for all seal milk samples from five breeding 
seasons (2000-01, 2001-02, 2004-05, 2009-10, and 2010-11) were 10.74 ± 0.11 and - 
22.20 ± 0.11 %o, respectively (Table 3). Across these five breeding seasons, 515N and 
813C values ranged from 10.24 ±0.11 to 11.13 0.19 and -21.82 ± 0.28 to -22.40 ±
0.40 %o, respectively. There were no significant differences between 515N and S13C 
values for different breeding seasons. S15N values for milk samples from primiparous 
and multiparous seals (2005-06) were not significantly different (9.87 ± 0.72 and 8.45 
±0.19 %o, respectively), indicating that primiparous and multiparous seals consume 
prey at a similar trophic level. Interestingly, 813C values for primiparous seals were 
significantly higher than for multiparous seals (p=0.018). These results suggests that 
the fur seals that were sampled during this study were feeding at a similar trophic 
level, and that their food derived from a similar geographic region, except for a
possible difference in foraging location between primiparous and multiparous seals
1 ^during the 2005-06 breeding season, indicated by the significantly different 8 C
13 15values. Correlations between the concentrations of the POPs and the 8 C and 8 N 
values for the seal milk samples were also explored. There were no significant 
correlations between the concentrations of any of the measured POPs and the 
corresponding S13C and 815N signatures of the seal milk samples (Tables A3 through
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A5). The narrow range of isotope values found in the seal milk in this study may limit 
the ability of the analyses to detect the effects of diet on POPs concentrations in 
Antarctic fur seals.
DISCUSSION
Lactational Transfer of POPs Body Burden to Young
Several studies have documented a decrease in the body burden of POPs in 
female marine mammals via lactation and consequent high exposure of POPs to their 
pups (Tanabe et al., 1994; Beckmen et al., 1999; Ross et al., 2000; Ylitalo et al.,
2001). Transplacental transfer can also contribute greatly to the POP burden in 
newborns (Kurtz and Kim, 1972; Mossner et al., 1994). After birth, lactation is a major 
exposure route of POPs for young seals and may even exceed the contribution of 
transplacental transfer to the POPs burden of young (Borrell et al., 1995).
Additionally, firstborn offspring may have higher exposure to POPs than subsequent 
offspring due to higher loads of POPs during the first lactation than in subsequent 
lactation periods (Rogan et al., 1986; Aguilar and Borrell, 1994; Borrell et al., 1995).
Concentrations of all PCBs except PCB 101, as well as frvms-nonachlor and 
p,p ’ DDE, were significantly higher in milk from primiparous Antarctic fiir seals than 
concentrations in seal milk from multiparous seals (Figures 2 and 3). Other pesticides 
also showed a trend of higher concentrations in milk from primiparous seals although 
the differences were not statistically significant, possibly due to the small sample size 
for primiparous seals (w=5). While these results are consistent with previous studies
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looking at maternal depuration of POPs in mammals (Tanabe et al., 1994; Beckmen et 
al., 1999; Ross et al., 2000; Ylitalo et al., 2001), this is the first time this phenomenon 
has been documented in Antarctic fur seals. The amount of milk consumed by a fur 
seal pup is not known, preventing an exact calculation of the amount of POPs 
transferred to pups. Additionally, since certain measurements in fur seal pups (percent 
contribution of blubber weight to body weight, newborn weight, lipid content of 
blubber, and the pollutant concentrations in the blubber) are not available, it is not 
possible to determine the POPs load in pups and the respective contributions from 
gestational exposure and lactational exposure. In a previous study, Borrell et al. (1995) 
calculated the transfer of contaminants to pups from their mothers via gestation and 
lactation. Transfer rates (from mom to pup) of 67.6 to 100% and 92.5 to 99.9% were 
calculated for total DDTs (all compounds) and PCBs, respectively, for lactation. In 
contrast, transfer rates were much lower for gestation than lactation (6.95 to 9.58% and 
4.14 and 9.73% for total DDTs and PCB for gestation, respectively). Variation in the 
transfer rates was related to age of the female seal (Borrell et al. 1995). The exposure 
of young to POPs via suckling is of particular concern since even low concentrations 
of POPs have been found to cause adverse health effects in nursing mammals, since 
they are at a critical stage in their development (Thomas and Hinsdill, 1980; Huisman 
et al., 1995; Pluim et al., 1996; Faroon et al., 2001; Tanabe 2002).
Research on the possible effects of POPs exposure via lactation on seal pups is 
relatively limited. Sormo et al. (2009) indicated that exposure to PCBs, especially 
dioxin-like PCBs, had immunosuppressive effects on free-ranging gray seal pups. 
Dioxin-like PCBs, such as PCB 118, which was detected in the Antarctic fur seal milk
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in this study, appear to have a high immunosuppressive potential (Sormo et al., 2009). 
Effects, such as immunosuppression, from the exposure of POPs to Antarctic fur seal 
pups via lactation are unknown at this time. Since results from this study indicate that 
breeding status of females may be a significant factor in the variation of POPs 
concentrations in fur seal milk, future research should quantify POPs in Antarctic fur 
seal pup tissues and explore potential physiological and behavioral effects from POPs 
exposure.
513C of Primiparous and Multiparous Seal Milk
i  ' i
As mentioned 5 C signatures were significantly different between 
primiparous and multiparous fur seal milk samples. This difference may indicate that 
these female seals were foraging in different locations during the 2005-06 breeding 
season (Rau et al., 1982; Hobsen et al., 1994; Quillfeldt et al., 2005). Alternatively, 
the significant difference in 813C signatures could be a result of differences in milk 
production between primiparous and multiparous seals. Previous research has found 
that milk production increases with size, and likely age, of the female seal (Iverson et 
al., 1993). The masses of primiparous (32.2 ± 0.65) and multiparous (44.2 ± 0.86) 
seals are significantly different (p<0.001). Perhaps, younger, smaller female seals are 
producing less “new” lipid than older, larger female seals, relying on their lipid stores 
more heavily, instead. Primiparous seals producing less new lipid than multiparous 
seals may result in their more depleted 513C milk signatures than those for the milk of 
multiparous seals.
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Interannual Variation of POPs Concentrations in Fur Seal Milk
Several factors may contribute to the observed interannual variation in POPs 
concentrations in the fur seal milk, including global usage of the contaminants, shifts 
in diet over the past decade (2001-2011), age of the animals, climatic or oceanographic 
changes, and migration patterns. Since only female, multiparous Antarctic fur seals 
were analyzed across the five different breeding seasons, the effects of gender and 
breeding status could not be evaluated in this study in regards to interannual variation 
of POPs concentrations.
Global Patterns o f POPs Use
The POPs analyzed in this study have been banned in many countries, 
including North America and Europe, for decades, but are still used in some parts of 
the world. Thus, global emissions of POPs (PCBs, HCHs, and DDTs) have declined in 
recent decades (Li et al., 2000; Breivik et al., 2002; Li and T. Bidleman, 2003; Li and 
Li, 2004). However, POPs may still be emitted to the environment via continued legal 
or illegal use as well as their release from stocks of unused POPs (Schwarzenbach et 
al., 2010). For the Antarctic, glacial melting may also be a continued source of POPs 
to the marine environment (Geisz et al., 2008).
Dickhut et al. (2005) evaluated atmospheric concentrations of some POPs 
along the WAP. Over the preceding 20 years, hexachlorobenzene (HCB) and a- and y- 
HCH declined in concentration, while concentrations of heptachlor epoxide did not 
decline, possibly due to continued use of heptachlor in the southern hemisphere 
(Dickhut et al., 2005). Trends of POPs in biota have been variable in recent years,
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increasing or decreasing depending on the species (Corsolini, 2009). Concentrations of 
PCBs in humped rockcod and blackfin icefish, for example, increased in the Weddell 
Sea from 1987 to 1996, while PCBs concentrations decreased in mackerel icefish 
(Goerke et al., 2004). Variability in the temporal trends of POPs concentrations in 
organisms is perhaps not surprising since other factors can influence their POPs 
concentrations, such as migration, diet, age, etc.
Concentrations of some POPs in Antarctic fur seal milk exhibited a decreasing 
trend from 2000 to 2011 (Figures 4-6). While decreasing POPs concentrations in fur 
seal milk in the last decade coincide with declining global emissions of POPs, 
additional factors likely play a role since not all POPs in seal milk followed these 
trends and atmospheric concentrations of some POPs (e.g., heptachlor) are not 
decreasing due to continued use in the southern hemisphere (Dickhut et al., 2005).
Compared to previous measurements of POPs in fur seal milk, the temporal 
trends in POPs concentrations are variable. The few measurements in Antarctic fur 
seal milk limit conclusions on the change over time in seal milk POPs concentrations 
with changing global usage. Bacon et al. (1992) reported measurements of POPs in 
three samples for Antarctic fur seal milk collected in 1984 and 1985 on the South 
Shetland Islands (Table 4). Using the lipid contents of their samples (37%), the 
concentrations of POPs (presented as pg/kg milk in Bacon et al. (1992)) were 
approximately normalized to lipid (Table 4). For fur seal milk, the trends from the 
mid-1980s to recent years vary across contaminants with concentrations of DDT 
compounds, frvms-nonachlor, and some PCBs (118, 153, and 138) possibly increasing,
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while concentrations of some chlordanes (y- and a-chlordane) and some PCBs (101 
and 187) seem to have decreased.
The significant declining trends in concentrations of most POPs in fur seal milk 
over the last decade observed in this study, suggest that decreasing global emissions of 
POPs over the last decade may be influencing the temporal variation. Interestingly, 
compared to Bacon et al., (1992), concentrations of some PCBs (118, 153, and 138), 
DDT compounds and ^rarcs-nonachlor may have increased from the mid-1980s to the 
present, which would not support the conclusion that declining global usage is 
influencing trends in POPs concentrations in fur seal milk. It is possible that other 
factors may also be affecting POPs concentrations, causing the variable trends of 
contaminants in fur seal milk over time.
Diet
The biomagnifying nature of POPs renders diet an important factor in 
determining the POPs concentrations in organism tissues (Colbom et al., 1997; Jones 
and de Voogt, 1999; Schwarzenbach et al., 2010). However, if the fur seals in this 
study consumed prey at a similar trophic level over the study period, diet may not 
greatly contribute to the interannual variation in POPs concentrations in their milk. 
Since correlations between the concentrations of the individual POPs and the 
corresponding 815N signatures of the seal milk samples were not significant, changes 
in diet do not appear to be a major factor influencing the interannual variation in seal 
milk POPs concentrations.
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The findings of Polito and Goebel (2010) further indicate seasonal variation in 
diets of fur seals, but similar diets between individuals and across breeding seasons. 
Polito and Geobel (2010) measured the S13C and 515N signatures of fur seal milk 
collected from the same population of the seals in this project, but from different 
breeding seasons (2006-07 and 2007-08). Polito and Goebel (2010) also analyzed scats 
for prey remains to determine the diets of the seals.
Polito and Goebel (2010) found seasonal variations in 515N, which they 
attributed to changes in the diet composition of the female fur seals during the
1 o
lactation period. Polito and Goebel (2010) also observed seasonal variations in 5 C, 
possibly reflecting differences in foraging location (nearshore vs. offshore), during this 
time. Seasonal variation in 515N and S13C signatures of seal milk was not assessed in 
this study due to the limited temporal range of the samples (all samples were within 
the perinatal period, late November to early December). Only one breeding season 
(2005-06) included perinatal and non-perinatal milk samples. The range of 815N values 
in this study (10.235 ± 0.248 to 11.131 ± 0.190 % o, for 2000-01, 2001-02, 2004-05, 
2009-10, and 2010-11) are similar to the values obtained by Polito and Goebel (2010) 
for the perinatal period (11.8 ± 1.1 and 11.6 ± 0.7 %o for 2006-07 and 2007-08, 
respectively), suggesting that diets of fur seals in both of these studies are similar. 
Likewise, the range of 513C signatures for this study (-21.815 ± 0.275 to 22.401 ±
0.401 % o) is similar to those from Polito and Goebel (2010) for the perinatal period (- 
22.5 ±1.4 and -22.5 ± 0.4 %o), indicating the seals between these studies foraged for 
prey in similar locations.
52
Similar to this study, Polito and Goebel (2010) did not find significant variation 
in 515N and 513C across different years. Thus, both studies suggest that variation in 
diets or foraging locations of fur seals did not occur between breeding seasons. 
Additionally, analysis of scat showed that Antarctic krill (Euphausia superba) 
remained the dominant prey type throughout the lactation period for nearly all 
individuals, as well as across years (Polito and Goebel, 2010). Together, the results of 
Polito and Goebel (2010) and this study suggest that the diet of fur seals is consistent 
between individuals and across breeding seasons, suggesting that diet is not likely the 
primary factor causing interannual variability of POPs concentrations in milk from this 
population of Antarctic fur seals.
Climate Change
Environmental changes could influence prey abundances and, consequently, 
cause shifts in diet, which could affect POPs concentrations in organisms (Atkinson et 
al., 2004; Siniff, 2008). Stammerjohn et al. (2012) documented changes in sea ice 
extent in the WAP, likely related to climatic shifts. Overall, during the last three 
decades, the retreat of sea ice is occurring earlier (by about 1.3 months), the advance 
of sea ice is occurring later (by about 2 months), and the ice season is thus decreasing 
(by about 3.3 months). However, within the last decade, when the samples in this 
study were collected, the sea ice trends are more variable. From 2000 to 2001, sea ice 
retreat changed from a negative anomaly (difference from the mean over the 30 year 
period) to a positive anomaly. From 2002 to 2004 the sea ice retreat was close to the 
mean for the last three decades. In 2004, the sea ice retreat anomaly became positive
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and steadily more negative from 2006 to 2009. The anomaly became less negative in 
2010 than the preceding three years. Generally, the patterns for sea ice advance were 
the opposite of those for sea ice retreat (Stammeijohn et al., 2012).
The most consistent trend in POPs concentrations across the analyzed breeding 
seasons was high concentrations in seal milk for the 2000-01 breeding season. From 
2000 to 2011 the greatest anomalies for sea ice retreat or advance were in 2005 and 
2009. In 2005 the sea ice retreat (advance) occurred later (earlier), while in 2009 the 
sea ice retreat (advance) occurred earlier (later). For the 2004-05 and 2009-10 breeding 
seasons, POPs concentrations were most commonly significantly lower than those in 
the 2000-01 breeding season (for 2004-05: a-HCH, cis- and /r<ms-nonachlor, p,p ’ 
DDT, mirex, oxychlordane, and all PCBs, except PCB 187; for 2009-10: a-HCH, y- 
chlordane, cis- and /nms’-nonachlor, p,p ’ DDT, o,p ’ DDT, mirex, oxychlordane, and 
PCBs 101, 105, 128, 138, 170, 187, 195 and 206), which was also the case for another 
breeding season, 2010-11. The most significantly different breeding season for POPs 
concentrations in seal milk (2000-01) from other years does not match the years with 
the greatest sea ice retreat or advance anomalies (2005 and 2009). Also, a continuous 
trend in sea ice retreat or advance does not occur from 2000 to 2011 that would 
correspond to the decreasing trend in concentrations of POPs during this time. Thus, 
changes in sea ice dynamics in the WAP do not appear to be closely tied to the trends 
for POPs concentrations in seal milk.
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Migration
Migration is another factor that can affect interannual variability in the 
concentrations of POPs in the tissues of animals. Among Antarctic biota, the highest 
concentrations of POPs have been measured in highly migratory seabird species, such 
as the south polar skua (Focardi et al., 1995; Corsolini, 2009; Geisz, 2010). Like 
seabirds, some marine mammals are resident to Antarctica, while others only breed 
and forage in the Antarctic region in the summer and migrate northwards to more 
human-influenced areas for the remainder of the year. Marine mammals that migrate to 
regions more heavily impacted by human activities, such as Antarctic fur seals, have a 
greater exposure to POPs than resident marine mammals (Vetter et al., 1996).
Until recently, the over-wintering areas and migrations of Antarctic fur seals 
have been poorly understood. Hinke et al. (2012) studied the migrations of Antarctic 
fur seals during the non-breeding season and found that migrations of individual 
animals were highly variable both across seasons and geographic range (Figure 7). 
Migrations of some individuals remained in the open ocean of the Pacific or Atlantic, 
while others migrated close to the shores of South America. Although I am unable to 
examine this mechanism here, the highly variable migratory habits of individuals and 
across years may contribute to the variability in POPs concentrations observed in the 
Antarctic seal milk samples. Seals that migrate nearer to the coast of South America, 
including the shores of Argentina, Chile and Brazil, for example, are likely exposed to 
higher concentrations of POPs than seals whose migrations remained in the open 
ocean (Barra et al., 2006). Additional studies that trace POPs concentrations in
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individual seals with known migration routes are needed to further support this 
hypothesis.
Possible Effects of POPs Body Burden in Antarctic Fur Seals
The effects of POPs on marine mammals are poorly understood. However, in 
recent years, some studies have begun evaluating possible effects of POPs on 
pinnipeds. These studies have linked POPs exposure to reproductive or endocrine 
disruption, immune suppression, and increased susceptibility to disease and have 
mostly focused on harbor, ringed, and gray seals (Letcher et al., 2010). Overall, the 
concentrations of POPs in Antarctic fur seal milk observed in this study were lower 
than concentrations associated with adverse health effects. Although the present study 
does not indicate that the concentrations of POPs detected in Antarctic fur seal milk 
are likely to have detrimental health effects on female seals, determining the potential 
effects of POPs on these seals is difficult and merits caution. Previous studies have 
evaluated effects on pinnipeds based on measurements of POPs in blubber, blood, and 
liver tissue. POPs partition differently between various tissues and the partitioning 
differs between species (Tanabe et al., 1994; Sormo et al., 2003). Consequently, 
drawing inferences about the effects of POPs through comparison of POPs 
concentrations across different tissue types and species is not ideal. Future research 
evaluating the partitioning of POPs across different matrices in Antarctic fur seals and 
potential effects of POPs concentrations on this Antarctic pinniped would contribute 
greatly to our understanding of the fate of POPs and their impacts on marine 
mammals. Lastly, as mentioned previously, young seals are especially susceptible to
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POPs exposure since they are at a critical developmental stage. Research on the 
possible effects of POPs on seal pups is lacking and is needed to better understand the 
impacts of POPs on marine mammal young.
Future Possible Effects of POPs on Antarctic Fur Seals
Concerns regarding the future effects of POPs on Antarctic animals have been 
raised (Muir and de Wit, 2010; Letcher et al., 2010). The West Antarctic Peninsula is 
one of the most rapidly warming places on Earth with a 2 °C annual mean temperature 
increase and a 6 °C mean winter increase since 1950 (Vaughan et al., 2003; Meredith 
and King, 2005). In comparison, global mean surface temperatures have risen by 0.74 
°C over the last 100 years (Intergovernmental Panel on Climate Change, 2007). One 
consequence of climate warming is increased glacial melting (Ducklow et al., 2012), 
which may be a source of contaminants to the ocean (Gesiz et al., 2008). Glacial 
melting from climate change could maintain or increase the mobilization of relict 
POPs in glaciers into Antarctic food webs, having a direct effect on contaminant loads 
in Antarctic fur seals.
Additionally, as discussed earlier, the effects of climate change could increase 
stressors on organisms (Muir and de Wit, 2010; Letcher et al., 2010). Increased stress 
on biota may render them more vulnerable to POPs exposure, worsening the biological 
effects of contaminants on animals, like Antarctic fur seals. Marine mammals may be 
the most vulnerable organisms to contaminant exposure since they can accumulate 
high loads of POPs as top predators, and pass a large quantity of POPs onto 
subsequent generations via transplacental and lactational transfer (Tanabe et al., 1988).
57
Additionally, the metabolic ability of some marine mammals, sueb as cetaceans, 
appears to be lower relative to other animals (Tanabe et al., 1988). Continued studies 
of POPs concentrations in Antarctic fur seals will contribute to a better understanding 
of the effects of POPs on marine mammals, especially in a rapidly warming 
environment, like the West Antarctic Peninsula.
SUMMARY
The WAP is one of the most rapidly changing regions on Earth and organisms 
residing in this location are susceptible to a range of stressors. This study provides the 
most comprehensive information about POPs concentrations in milk samples from 
Antarctic fur seals to date and contributes new insights that expand our understanding 
of global transport of POPs to Antarctica and provide POPs data for an important 
Antarctic predator. A range of POPs (e.g., HCHs, chlordanes, mirex, DDTs, and 
PCBs) were detected in Antarctic fur seal milk documenting the transport of POPs to 
this region and/or delivery of legacy POPs from glacial melting. Multiparous females 
had significantly lower concentrations of certain POPs (e.g., Jnms'-nonachlor, p,p ’ 
DDE, and several PCBs) in their milk than first time breeding females, likely due to 
lactational or placental transfer of the POPs burden from mother to pup. These data 
indicate that female fur seals likely serve as a vector for transfer of contaminants to 
their young as observed in other animals. Temporal variation in the POPs 
concentrations in seal milk was observed with the 2000-01 breeding seasons typically 
having the highest concentrations of POPs and a general trend of decreasing POPs
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concentrations in seal milk over time (2001-2011). The decrease in POPs 
concentrations in seal milk over time is consistent with decreases in global emissions 
of POPs over the last decade. However, global emissions trends did not explain 
patterns for some POPs (e.g., y-HCH, a-chlordane, DDE and DDD). An alternative, 
but as yet untested, hypothesis is that migration patterns may contribute to interannual 
variability in POPs concentrations in fur seal milk. Overall, this study provided a 
compressive and up-to-date assessment of POPs in an Antarctic apex predator, the 
Antarctic fur seal, with potential implications for other Antarctic apex predators.
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Figure 2. Pesticides in primiparous and multiparous seals. Concentrations of pesticides (a) and p ,p '
DDE (b) in milk from primiparous and multiparous Antarctic fur seals. Student’s t-tests were 
performed for each contaminant using Box-Cox transformed data to determine whether there were 
significant differences in concentrations in POPs in milk from primiparous and multiparous seals. 
Significant differences in concentrations of /ram’-nonachlor, and p,p ’ DDE in primiparous and 
multiparous seal milk were found (p = 0.027 and 0.026, correspondingly) and are indicated with 
asterisks. Compounds are presented in approximate order of increasing octanol-water partition 
coefficient (K0w)-
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Figure 3. PCBs in primiparous and multiparous seals. PCB concentrations in milk from 
primiparous and multiparous Antarctic fur seals. Student’s t-tests were performed for each PCB 
congener to determine whether the concentrations of a given PCB were significantly different 
between milk from primiparous and multiparous seals. Significant differences in concentrations 
o f all detected PCBs, except PCB 101, were found (p=0.012 for PCB 105 and p<0.01 for PCBs 
118, 128, 138, 153, 167, 170, and 180) and are indicated with asterisks. Compounds are 
presented in approximate order of increasing octanol-water partition coefficient (K q w )-
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Figure 4. Temporal variation of pesticides. Pesticide concentrations in milk from Antarctic fur 
seals collected over five breeding seasons (2000-01, 2001-02, 2004-05, 2009-10, 2010-11). Data 
were not normally distributed, thus were Box-Cox transformed. A one-way ANOVA with pairwise 
comparisons as needed was performed for each pesticide. Significant differences in the 
concentrations of contaminants across the five breeding seasons were found for most pesticides 
(see text). Significant differences are indicated with letters where a different letter from another 
indicates that concentrations of the given POP are significantly different. Compounds are presented 
in approximate order of increasing octanol-water partition coefficient (KqW).
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Figure 5. Temporal variation of PCBs. PCB concentrations in milk from Antarctic fur seals 
collected over five breeding seasons (2000-01, 2001-02, 2004-05, 2009-10, 2010-11). Data were not 
normally distributed, thus were Box-Cox transformed. A one-way ANOVA with pairwise 
comparisons as needed was performed for each PCB. Significant differences in the concentrations of 
contaminants across the five breeding seasons were found for most PCBs (see text). Significant 
differences are indicated with letters where a different letter from another indicates that 
concentrations of the given POP are significantly different. Compounds are presented in approximate 
order of increasing octanol-water partition coefficient (K q w )-
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Figure 6. Additional PCBs. PCB concentrations in milk from Antarctic fur seals collected over 
five breeding seasons (2000-01, 2001-02, 2004-05, 2009-10, 2010-11). Data were not normally 
distributed, thus were Box-Cox transformed. A one-way ANOVA with pairwise comparisons as 
needed was performed for each PCB. Significant differences in the concentrations of contaminants 
across the five breeding seasons were found for most PCBs (see text). Significant differences are 
indicated with letters where a different letter from another indicates that concentrations of the given 
POP are significantly different. Compounds are presented in approximate order of increasing 
octanol-water partition coefficient (K q w )-
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Figure 7. Migrations. Winter migrations of 14 Antarctic fur seals that bred on Livingston Island, 
Antarctica during the preceding austral summer from Hinke et al. (2012).
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Table 1. POPs concentrations in primiparous and multiparous seals. Mean POPs 
concentrations ± standard error (SE) in seal milk (ng g"1 lipid) from primiparous (w=5) and 
multiparous (n=24) Antarctic fur seals._______________________________________
Primiparous M ultiparous
POPs
a-HCH 0.489 ±0 .218 0.220 ± 0.020
y-HCH 0.832 ±0 .252 0.438 ±0 .059
Oxychlordane 3.59 ± 0 .784 2.50 ±0 .500
y-Chlordane 1.95 ±0 .446 1.69 ±0 .279
a-Chlordane 1.43 ±0 .307 1.08 ±0 .179
/raws-Nonachlor 14.7 ± 3 .0 4 7.62 ± 1.42
c/s-Nonachlor 1.75 ± 0 .558 0.873 ± 0 .184
Mirex 8.70 ± 1.75 11.1 ± 2 .6 6
p,p ’ DDE 126 ± 3 5 .6 54.9 ± 10.1
PCB 101 2.90 ±0 .692 1.83 ±0.273
PCB 118 4.81 ± 1.17 1.64 ± 0 .302
PCB 105 1.50 ±0 .379 0.531 ±0 .099
PCB 153 7.45 ± 1.80 2.76 ±0 .565
PCB 138 6.57 ± 1.60 2.41 ± 0 .549
PCB 128 1.31 ± 0 .324 0.411 ±0 .096
PCB 167 0.357 ± 0 .084 0.149 ± 0 .037
PCB 180 3.02 ± 0 .724 1.36 ±0.333
PCB 170 1.05 ± 0 .256 0.421 ±0 .097
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Table 2. POPs concentrations over time. Mean POPs concentrations in seal milk for breeding 
seasons over the last decade (2000-01, 2001-02, 2004-05, 2009-10, and 2010-11). POPs 
concentrations are ng g'1 lipid ± 1 standard error. *Oxychlordane is abbreviated as “oxychlor/’
2000-01 2001-02 2004-05 2009-10 2010-11
Sample Size 21 7 10 9 10
a-HCH 0.38 ±0.02 0.22 ±0.03 0.24 ±0.02 0.26 ±0.11 0.13 ±0.01
y-HCH 0.65 ±0.02 0.44 ± 0.02 1.75 ±0.20 0.13 ±0.02 1.15 ±0.07
Oxychlor* 5.80 ±0.33 4.30 ±0.38 3.17 ±0.32 3.39 ±0.38 2.86 ±0.32
trans-
Nonachlor 5.80 ±0.33 5.80 ±0.33 5.80 ±0.33 5.80 ±0.33 5.80 ±0.33
cis-
Nonachlor 1.90 ± 0.13 1.64 ±0.29 1.32 ±0.35 1.12 ± 0.15
0.98 ±0.12
Y-
Chlordane 1.13 ±0.07 0.93 ±0.11 1.04 ±0.18 0.56 ±0.04 0.64 ± 0.06
« -
Chlordane 0.76 ±0.06 0.81 ± 0 .10 1.46 ±0.88 0.55 ±0.07 0.53 ±0.04
p,p ’ DDD 10.6 ±0.71 8.92 ± 1.73 8.18 ±0.95 7.34 ± 1.33 8.87 ±0.88
o,p ’ DDT 4.20 ±0.26 3.61 ±0.85 3.16 ±0.60 1.95 ±0.32 2.34 ±0.24
p,p ’ DDT 27.6 ± 1.43 21.3 ± 3 .14 17.4 ±2.43 13.2 ± 1.95 18.1 ± 1.54
p,p ’ DDE 88.8 ±5.91 58.9 ± 7 .84 62.3 ±9.31 63.0 ±7.73 64.3 ±6.54
Mirex 24.0 ±2.14 14.3 ± 1.55 10.5 ±0.95 10.5 ± 1.55 14.5 ±5.19
PCB 101 1.30 ±0.08 1.35 ±0.25 1.58 ±0.20 0.82 ±0.07 1.16 ± 0.15
PCB 105 0.96 ±0.05 0.78 ±0.07 0.70 ±0.08 0.68 ±0.08 0.71 ±0.05
PCB 118 2.84 ±0.18 2.06 ±0.20 1.84 ±0.22 2.14 ±0.25 2.08 ±0.16
PCB 128 0.80 ±0.06 0.59 ±0.07 0.51 ±0.06 0.54 ±0.07 0.50 ±0.03
PCB 138 4.90 ±0.35 3.59 ±0.41 2.66 ±0.27 3.31 ±0.37 2.88 ±0.22
PCB 153 5.24 ±0.38 3.79 ±0.45 3.26 ±0.37 3.81 ±0.49 3.26 ±0.24
PCB 187 0.39 ±0.03 0.40 ±0.08 0.29 ±0.05 0.24 ±0.03 0.25 ±0.02
PCB 156 0.49 ± 0.04 0.37 ±0.03 0.28 ±0.03 0.36 ±0.05 0.28 ±0.02
PCB 167 0.28 ±0.02 0.20 ±0.02 0.17 ±0.02 0.24 ±0.03 0.17 ±0.01
PCB 170 0.85 ±0.08 0.56 ±0.05 0.37 ±0.05 0.55 ±0.08 0.43 ± 0.04
PCB 180 2.22 ±0.19 1.46 ± 0.16 1.19 ± 0.12 1.58 ±0.24 1.22 ±0.08
PCB 195 0.07 ±0.01 0.04 ±0.00 0.03 ±0.00 0.04 ±0.01 0.03 ±0.00
PCB 206 0.08 ±0.01 0.06 ±0.00 0.04 ± 0.00 0.05 ±0.01 0.04 ± 0.00
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Table 3. 5 ,3C and 515N for seal milk. Mean 5I3C and 515N signatures ± 1 standard error in seal milk (%o) 
from all seal milk samples from Antarctic fur seals, primiparous seals, multiparous seals, and from seals
durinj^differenM3medin^easonsA2000A^^00^)2^00^)5^00^^K)^m^2CfKKn^
Sample Size 815N 513C
All samples 57 10.74 ±0.11 -22.20 ±0.11
2005-06
Primiparous 5 9.87 ± 0 .7 2 -26.24 ± 0 .4 7
Multiparous 28 8.45 ± 0 .1 9 -27.91 ± 0 .13
2000-01 21 10.69 ± 0 .1 4 -22.14 ± 0 .13
2001-02 7 11.13 ± 0.19 -22.16 ± 0 .2 6
2004-05 12 11.03 ± 0 .3 0 -22.08 ± 0.34
2009-10 9 10.24 ±0 .25 -21.82 ± 0 .28
2010-11 10 11.06 ± 0 .42 -22.40 ± 0.40
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Table 4. POPs concentrations in seal milk. Mean POPs concentrations in Antarctic fur seal milk in 
this study (averaged over five breeding seasons between 2000 and 2011) and from Bacon et al. (1992). 
Concentrations in this study are reported as mean ± standard error in seal milk (ng g'1 lipid) from 
multiparous fur seals (w=57) collected during five breeding seasons between 2000 and 2011. 
Concentrations from Bacon et al. (1992) are reported as geometric mean ± 1 standard deviation ng g"1 
milk, and samples were collected from fur seals o f unknown breeding status in 1984 and 1985 (w=3). 
The lipid content of the milk samples was determined to be 37% for the 3 seals in Bacon et al. (1992). 
Concentrations from Bacon et al. (1992) are lipid normalized in order to better compare to the 
concentrations measured in this study.__________________________________________________________
Bacon et al. (1992)
This Study Bacon et al. (1992) lipid-normalized
values
p ,p ’ DDE 72.1 ±3.7 12 ± 1.7 32.4
p,p ’ DDT 21.1 ± 1.1 0.79 ±2.8 2.14
o,p’ DDT 3.26 ±0.21 0.58 ±2.1 1.57
p,p ’ DDD 9.14 ±0.47 1.5 ± 1.7 4.05
y-Chlordane 0.914 ±0.05 1 ± 1 2.70
a-Chlordane 0.816 ± 0.16 1 ± 1 2.70
trans- 12.0 ±0.64 1 ± 1 2.70Nonachlor
PCB 101 1.25 ±0.07 0.7 ± 1 1.89
PCB 118 2.32 ±0.11 0.7 ± 1 1.89
PCB 153 4.14 ±0.21 1.1 ±2.1 2.97
PCB 138 3.74 ±0.20 0.88 ± 1.3 2.38
PCB 187 0.327 ±0.02 0.7 ± 1 1.89
PCB 180 1.67 ±0.10 <0.5 <1.35
PCB 170 0.610 ±0.04 <0.5 <1.35
PCB 195 0.048 ± 0.00 <0.5 <1.35
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CHAPTER 3: PERSISTENT ORGANIC POLLUTANTS (POPS) AND MERCURY 
IN THE ANTARCTIC PENINSULA FOOD WEB
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ABSTRACT
Contaminants -  persistent organic pollutants (POPs) and total mercury, as well 
as S13C and 515N signatures, were measured in members of the West Antarctic 
Peninsula (WAP) food web, including: phytoplankton, Antarctic krill, Antarctic 
silverfish, and Antarctic fur seals. The concentrations of a number of detectable POPs 
(,trans- and czs-nonachlor, and PCBs 105, 118, 138, and 153) and total mercury 
increased with increasing trophic level, such that krill < fish < fur seals, as expected by 
the bioaccumlative and biomagnifying nature of these contaminants. Interestingly, for 
several POPs (y- and a-chlordane, and PCBs 101, 105, 118, 138, and 153), 
concentrations were highest in phytoplankton. Several factors may influence the high 
concentrations seen in phytoplankton, suggesting that other factors (e.g., biodilution, 
differing timescales for incorporation of contaminants into phytoplankton vs. higher 
trophic levels) govern the contaminant distributions observed in phytoplankton. The 
diet of the Antarctic fur seal was also considered in light of the chemical signatures of 
this predator and its possible prey items, krill and fish. Higher POPs and total mercury 
concentrations in fur seals than fish suggest seals are consuming prey at a higher 
trophic level than are fish. Similarities in the 515N signatures of the seal milk and fish 
indicate that these animals are consuming prey from the same trophic level, perhaps 
zooplankton -  a major component of fish diets. A nitrogen isotope-mixing model, 
corrected for trophic effects, revealed that krill and silverfish composed 54% and 46% 
of the Antarctic fur seal diet, respectively.
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INTRODUCTION
Although the Antarctic environment is commonly considered “pristine,” recent 
studies have revealed the occurrence of persistent organic pollutants (POPs) and a 
toxic trace metal, mercury, in Antarctic food webs (de Moreno et ah 1997; Bargagli et 
ah, 1998; Goerke et ah, 2004; Corsolini et ah, 2009). The presence of these 
contaminants in the Antarctic has raised concerns since they are associated with an 
array of adverse effects in Arctic biota (Wolfe et al., 1998; Fisk et ah, 2005; Letcher et 
ah, 2010). Additionally, the potential effects of contaminants could change or worsen 
with a warming climate, a particular concern for the Western Antarctic Peninsula 
(WAP), one of the most rapidly warming places on Earth (Letcher et ah, 2010; 
Ducklow et ah, 2012). Thus, further analysis of the occurrence and fate of 
contaminants in the Antarctic food web is critical. Additionally, analysis of Antarctic 
biota for chemical tracers, such as POPs and mercury, may be useful for the insights 
they provide into food web structure (Geisz et al., 2010).
POPs, such as DDT (dichlorodiphenyl-trichloroethane) and PCBs 
(polychlorinated biphenyls), are stable anthropogenic compounds (Jones and de Voogt, 
1999; Schwarzenbach et ah, 2003). The chemical and physical properties of POPs 
allow them to undergo long-range atmospheric transport, reaching regions distant from 
source locations, like the Antarctic (Wania and Mackay, 1993). Additionally, POPs 
that have accumulated in the layers of Antarctic ice sheets are currently being released 
into surface waters due to glacial melt (Geisz et ah, 2008). Similar to POPs, mercury
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reaches the Antarctic environment primarily via atmospheric transport, and deposited 
mercury species may be converted to methylmerury (MeHg) via biotic (microbial 
metabolism) and abiotic (chemical) processes (Morel et al., 1998; Macdonald et a l , 
2005; Steffen et al., 2008). In the marine environment, both POPs and mercury 
bioaccumulate in organisms and biomagnify in food webs (Morel et a l, 1998; Jones 
and de Voogt, 1999). Since POPs are stable, lipophilic compounds and are typically 
metabolized more slowly than other less chemically stable compounds (Jones and de 
Voogt, 1999) they are absorbed by phytoplankton, accumulate in zooplankton, and 
biomagnify as animals at higher trophic levels in the marine food web, such as 
Antarctic fur seals, ingest POPs in their prey (Risebrough, 1976; Corsolini et al., 2002; 
Goerke et a l, 2004; Geisz et a l, 2008; Corsolini 2009). MeHg is the species of 
mercury that is retained in organisms and transferred to higher trophic levels (Morel et 
a l, 1998). Unlike divalent mercury, which is also bioavailable, MeHg is efficiently 
assimilated by predators (Morel et a l, 1998). Therefore, MeHg concentrates in 
phytoplankton from seawater via passive diffusion, and is transferred subsequently to 
zooplankton, fish, and top predators such as seals, biomagnifying in the food web 
(Mason et a l, 1996; Morel et a l, 1998).
Although POPs have been measured in organisms at all trophic levels in the 
Antarctic food web, the number of measurements is small, especially for certain 
species, such as Antarctic fur seals {Arctocephalus gazella) and Antarctic silverfish 
(Pleuragramma antarcticum) (Goerke et a l, 2004; Corsolini 2009). Similarly, 
mercury has been detected in tissues of several species of algae, fish, birds, and 
mammals in Antarctica, but the number of studies on mercury concentrations in
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Antarctic food webs are limited (de Moreno et al., 1997; Bargagli et al., 1998). Only a 
small number of milk samples (n=3) from Antarctic fur seals have been analyzed for 
POPs (Bacon et a l , 1992), and two studies analyzed total mercury in Antarctic fur seal 
tissues (muscle, live, kidney, and fat), but not in milk (Malcolm et a l , 1994; de 
Moreno et a l, 1997). Also, as mentioned, in a few previous studies only a small 
number of Antarctic silverfish samples were analyzed for contaminnats (Corsolini et 
a l, 2003; Goerke et a l, 2004). More measurements of POPs and mercury in Antarctic 
phytoplankton and Antarctic krill (Euphausia superba), an important component of the 
Antarctic food web, have been made than in Antarctic fur seals and Antarctic silverfish 
(Bargagli et a l, 1998; Corsolini et a l, 2003; Goerke et al., 2004; Chuichiolo et al.,
2004). Yet, there are only a few measurements of both mercury and POPs in 
phytoplankton and krill in the WAP food web (Locamini and Presley, 1995;
Chuichiolo et al., 2004), and not many studies have measured POPs or mercury across 
multiple trophic levels (Bargagli et al., 1998; Goerke et a l, 2004).
Since POPs and mercury bioaccumulate in organisms and biomagnify in food 
webs they can be powerful indicators of trophic level, enabling determination of a 
predator’s diet and food web structure (Jarman et a l, 1996; Becker et a l, 2002; Ramos 
and Gonzalez-Solfs, 2012). With the bioaccumulating and biomagnifying nature of 
POPs and total mercury, concentrations of these contaminants increase exponentially 
with increasing trophic level, indicating trophic position of a consumer (Ramos and 
Gonzalez-Solis, 2012). Benefits of chemical tracers in diet studies are that they 
integrate diet over a longer period of time than traditional methods, such as stomach or 
scat analysis. Contaminants also integrate diet over a longer time frame than other
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chemical methods, like stable isotopes (i.e., years for contaminants and weeks to 
months for isotopes). Additonally, unlike traditional methods, which may be biased by 
selective losses, the results suffer minimal biases when stable chemicals are used. Scat 
and stomach content analysis determine diet composition by identifying prey remains 
(e.g., fish otoliths, cephalopod beaks and crustacean carapaces) in the samples 
(Johnson, 1982; Putman; 1984; Hindell and Kemper, 1997; Kohn and Wayne, 1997). 
However, these analyses only give information on the diet of a consumer over a short 
period of time, perhaps one to two days (Dellinger and Trillmich, 1988; Bums et al., 
1998). Additionally, prey remains survive the digestion process differently, leading to 
biases in determining the contributions of food sources to a consumer’s diet (Bums et 
al., 1998; Staniland, 2002; Arim and Naya, 2003; Yonezaki et al., 2003).
Together, multiple tracers can present a more complete picture of diet and food 
web structure than a single tracer (Ramos and Gonzalez-Solis, 2012). Since POPs and 
total mercury signatures integrate diet over varying time periods, together they provide 
complementary information about an organism’s diet when its food sources change 
temporally (Ramos and Gonzalez-Solis, 2012). Multiple tracers also provide more 
accurate information about a predator’s diet when factors cause bias in the results of 
one tracer. For instance, Fisk et al. (2002) found that high urea levels in the tissues of 
Greenland sharks affected 815N values, underestimating the trophic position of this 
predator, whereas high concentrations of POPs, which did not appear to be biased by 
urea, indicated the more likely trophic position. Factors that may influence 
contaminant concentrations in organisms include physiological variables (e.g., 
branchial ion uptake, metabolism), environmental factors (e.g., distance from
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contaminant sources), age, gender, body size, reproductive status, etc. (Aguilar et al., 
2002; Becker et al., 2002; Verreault et al., 2009; Ramos and Gonzalez-Solis, 2012). 
Use of multiple tracers is thus a powerful technique for reconstructing food webs and 
determining diets.
Similarly, 813C and 815N have been used to provide insights about the trophic 
relationships between Antarctic organisms and the diets of marine predators (Polito 
and Goebel, 2010; Rey et al., 2012). 515N is a powerful tracer of trophic relationships 
in aquatic ecosystems because of isotopic fractionation with increasing trophic level. 
An enrichment of 3-5 parts per mil in S15N has been observed with each trophic level 
(plants to herbivores to carnivores) in many ecosystems (Minagawa and Wada, 1984; 
Peterson and Fry, 1987). This enrichment occurs because the lighter isotope (14N) is 
preferentially excreted during amino acid metabolism and egestion (e.g., nitrogen lost
15 13in urine). In contrast to 5 N, 5 C is a useful tracer of the geographic source of the 
prey. Carbon stable isotope values have little or no trophic level enrichment, but vary 
across different water mass sources (inshore vs. offshore, pelagic vs. benthic) and 
geographic locations (latitude) (Rau et al'., 1982; Hobsen et al., 1994; Quillfeldt et al.,
2005).
This study has three main objectives. First, contaminant concentrations-POPs 
and mercury, were quantified in several organisms that represent the Antarctic 
Peninsula food web: phytoplankton, Antarctic krill, Antarctic silverfish, myctophid 
fish, and Antarctic fur seal milk. Second, the biomagnification potentials of POPs and 
mercury in the WAP food web were evaluated. Third, contaminant concentrations
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measured in Antarctic biota and stable isotope values were used in concert to glean 
insights into the diets of an apex predator, Antarctic fur seals.
METHODS
Study Sites
Antarctic fur seal milk samples were collected by a series of researchers during 
the austral summers (December to February) from 2000 to 2011 at Cape Shirreff, 
Livingston Island (62°28’S, 60°46’W), located off the tip of the Antarctic Peninsula (~ 
100 km) (Figure 1). This area is part of the U.S. Antarctic Marine Living Resources 
(US AMLR) program’s long-term study of the breeding biology and population 
dynamics o f Antarctic fur seals, established in 1997.
Phytoplankton (mostly diatoms), Antarctic krill (hereafter referred to as 
“krill”), and silverfish and myctophid fish samples were collected within the Palmer 
Long-Term Ecological Research (PAL-LTER) study area, west of the Antarctic 
Peninsula (Figure 1). The PAL-LTER sampling area is approximately 200 x 700 km, 
and encompasses coastal, shelf, and slope environments.
Sample Collection
Seal milk samples were collected as described in Polito and Geobel (2010) 
(Table A l). In brief, female Antarctic fur seals were captured with hoop nets, sedated, 
and anesthetized. Milk samples were collected from females during their perinatal 
period, the time from parturition to a female’s first foraging trip, via manual
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expression following an intra-muscular injection of oxytocin. From each seal < 30 mL 
(250 mg) of milk was collected and aliquots of the milk samples were transferred to 
pre-cleaned glass vials. The samples were flushed with nitrogen, sealed, and stored at - 
20°C until analysis.
Krill samples were collected during the austral summers of 2007-08 and 2010- 
11, and fish samples were collected in the austral summer of 2010-11, all from the 
Palmer survey region (Table A l). Macrozooplankton were collected using a 2x2 m, 
square-frame net (700 pm mesh), towed obliquely from the surface to 120 m, or 
occasionally shallower in coastal areas (Ross et al., 2008; Bernard et a l 2012). A net- 
depth sensor -  contained in the termination of the tow conducting cable -  was used to 
determine target depth in real time, and either a Vemco Minilog Temperature-Depth 
Recorder or a Star-oddi data storage tag (DAT) were used to confirm the depth 
(Bernard et al., 2012). The volume of water filtered through the net was determined 
with a General Oceanics flow meter. Once on board, the contents of the cod end were 
gently transferred to a large tub filled with ambient surface seawater and zooplankton 
or fish species of interest were removed using pre-cleaned tweezers and collection jars. 
Targeted prey items were Antarctic krill (Euphausia superba) and two fish species (the 
myctophid Electrona sp. and the Antarctic Silverfish Pleuragramma antarcticum). All 
specimens were identified shipboard and frozen at -80°C. Additionally, krill samples 
collected during 2007-08 were sorted into juvenile, adult, and gravid females.
For phytoplankton collected during 2009-10 and 2010-11, a 1-m diameter, 80 
pm ring net was attached to -50  m rope and allowed to drift in surface waters for 
approximately 30 minutes or until the color of the net looked dark enough to infer
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enough phytoplankton had accumulated in the cod-end. The net was recovered by 
hand, and the cod-end was rinsed with seawater into a plastic tub that had been rinsed 
with 10% HCL and milli-q water. The contents of the cod-end were then sieved 
through a 25 pm mesh sieve that was pre-rinsed with 10% HCL and milli-Q water.
The sludge remaining on the sieve was then transferred into pre-cleaned jars and 
frozen at -80°C. Additionally, before chemical analyses were conducted, 
phytoplankton samples were examined under a compound microscope to determine the 
dominant species.
Sample Preparation for Chemical Analyses
All samples were freeze-dried at -80°C for -72  hours before any of the 
analyses (POPs, mercury, or stable isotope) were performed. Seal milk and 
phytoplankton were manually homogenized thoroughly prior to freeze-drying. Krill 
and fish were homogenized before freeze-drying with a Virtis “45” tissue homogenizer 
(Virtis Co., Inc.).
POPs Analysis
The POPs analysis method is described in Geisz et al. (2008). In brief, after 
freeze-drying and homogenizing the biological samples, they were subsampled (-1, 
-3-3.5, <1, and -2-2.5 g dry weight for seal milk, krill and fish, and phytoplankton, 
respectively). A surrogate standard (containing deuterated a-hexachlorocyclohexane, 
a-HCH) was added to all tissue samples prior to extraction via accelerated solvent 
extraction (Dionex ASE 200 Accelerated Solvent Extractor: 1800 psi; 80°C; 3 cycles)
87
with high-purity organic solvents (40 mL pesticide-grade 65:35 (v/v) dichloromethane 
(DCM:acetone). A subsample of the extracts was analyzed for total lipid content 
gravimetrically. Samples were further purified using three H2SO4 acid extractions for 
phytoplankton samples, and two H2SO4 acid extractions for krill, fish and seal milk 
samples. The acid was added dropwise while the samples were chilled in an ice-water 
bath. The samples were vortexed and the top hexane layer was collected. For some 
samples, the sample tubes were inverted to mix the acid thoroughly with the extract 
since vortexing produced too severe of an acid-lipid emulsion. Two additional hexane 
rinses (2-4 mL) were performed, adding hexane to the bottom acid-lipid layer, 
vortexing the sample, and transferring the solvent layer to the sample collection test 
tube. The extract was reduced in volume to 4-5 mL and the second acid extraction was 
conducted following the previously described procedure. The samples were then 
blown down with N2 to ~1 mL and further purified via column chromatography. 
Column chromatography was performed for further purification of samples. 8 g of pre­
cleaned silica (Sigma-Aldrich, Co., soxhlet-extracted with DCM for 72 hours, mesh 
size 100-200) was deactivated by adding 15 drops of hexane-extracted deionized 
water, and added to the column. Two grams of pre-cleaned Na2S0 4  (400°C for 4 
hours) were added to the top of the silica. During the column chromatography 
purification procedure, 10 mL hexane was added to the column and discarded. After 
this step, 50 mL of 30:20 (v/v) DCM/hexane was added to the column and the eluent 
was collected. Lastly, an additional 25 mL hexane was added to the column and 
collected. Then, fractions isolated by column chromatography were reduced in volume 
(rotary or turbo evaporation) with high purity N2 and an internal standard with
deuterated y-hexachlorocyclohexane (y-HCH) was added to each extract. The extracts 
were further blown down to -100 pL and transferred to a storage vial. After the 
extraction, the seal milk samples were analyzed using gas chromatography/negative 
chemical ionization mass spectrometry (GC-MS). Control procedures included 
analysis of laboratory blanks and intercalibration by analysis of standard reference 
materials (SRMs) from the U.S. National Institute of Standard Testing (NIST). 
Concentrations of contaminants are reported on a lipid-normalized basis (ng g '1 lipid). 
Surrogate standard recoveries ranged from about 65 to 100%. POPs in the seal milk 
samples were quantified relative to surrogate standards. Peak areas were determined 
for targeted POPs and surrogate standards for each sample, and relative response 
factors were determined by analysis of standards.
Mercury Analysis
Phytoplankton and krill samples (-0 .1  g dry weight) were analyzed for total 
mercury via cold vapor atomic absorption spectroscopy using a Mile-stone® DMA-80 
Direct Mercury Analyzer (Shelton, CT, USA) in accordance with the methods of 
Condon and Cristol (2009). Sample and method blanks, duplicate samples, and two of 
three standard reference materials (DORM-2, DORM-3, or DOLT-3) were run every 
20 samples. Mercury concentrations were reported as mg kg '1 dry weight.
Fish samples were obtained during austral summer 2010-11 in the Palmer 
LTER study region, and the same samples were used for the stable isotope and POPs 
analyses. Fur seal milk samples were collected at the research area at Livingston Island 
and the same samples were used for both stable isotope and POPs analyses. However,
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for mercury analysis, the seal milk samples were mostly from a different breeding 
season (2002-03) than those used for POPs measurements. The limited amount of 
sample available prevented analysis of the same sample for both total mercury and 
POPs.
Seal milk and fish samples were analyzed for total mercury by a different 
method because of their higher lipid contents than plankton samples. Previous analysis 
of samples on a DMA suggested high lipid levels could affect total mercury 
concentrations reported by this instrument (personal communication, Michael 
Newman and Robert Hale, Nov. 2011). As a precaution, a method often used with 
fatty samples was employed for seal milk and fish samples, using microwave digestion 
(Gerbersmann et al., 1997). Additionally, three krill samples were analyzed by both 
methods and total mercury concentrations were comparable, suggesting the lipid 
contents of the plankton did not affect the mercury concentrations reported by the 
DMA. For seal milk and fish samples, about 0.5 g dry weight was subsampled from 
each of the freeze-dried and homogenized Antarctic fur seal milk samples. The 
subsamples were added directly into 40 mL Teflon microwave digestion tubes, 
followed by the addition of 15 mL of concentrated nitric acid (Trace Metal Grade, 
Fisher). The tubes were capped and microwave digested using a temperature program 
of 25°C to 200 °C over a 15-minute period at a constant rate (MARS Xpress). 
Following cooling, the digested samples were quantitatively transferred directly into 
100 mL volumetric flasks, diluted to volume with deionized water, and transferred to 
125 mL polyethylene bottles for storage. To check the integrity of the mercury 
measurements, samples of freeze-dried fish tissue with known mercury content
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(DORM-3 and DOLT-4 from NRC) were digested, as well. Additionally, blank
samples containing only nitric acid were analyzed in the same manner. A Leeman
Labs Hydra AA mercury analyzer was used to measure total mercury concentration.
Calibration curves were prepared from a stock mercury standard of 1000 ppm (Fisher)
over a concentration range of 0.2-50 pg L '1. Data are reported as pg L"1 for the
digested samples with conversion to pg g"1 as follows:
(X pg/L)(0.1L)
Sample mass (g)
513C and 515N Analysis
513C and 515N analyses of the Antarctic biological samples were conducted 
using an elemental analyzer-isotope ratio mass spectrometer (EA-IRMS) at the 
Virginia Institute of Marine Science (VIMS). The elemental analyzer was a Costech 
ECS 4010 CHNSO Analyzer (Costech Analytical Technologies, Inc.) and the isotope 
ratio mass spectrometer was a Delta V Advantage Isotope Ratio Mass Spectrometer 
with a Conflo IV Interface (Thermo Electron North America, LLC). A small number 
of seal milk samples (from the 2005-06 breeding season) were analyzed at the 
University of Califomia-Davis Stable Isotope Facility, using a PDZ Europa ANCA- 
GSL elemental analyzer interfaced to a PDZ Europa 20-20 isotope ratio mass 
spectrometer (Sercon Ltd., Cheshire, UK). Samples analyzed at UC Davis were 
prepared in the same way as the seal milk samples analyzed at VIMS.
Since the seal milk, fish, and krill had high lipid contents (~ 60, 30, 20 % lipid, 
respectively), lipids were removed prior to isotope analysis. Lipids were removed 
since they are depleted in 513C relative to other classes of molecules and the lipid
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1 ^contents of animal tissues vary, leading to variable 5 C values for total organic carbon 
(Peterson and Fry 1987). For seal milk and fish samples, lipid removal was performed 
on the ASE. After samples were extracted for POPs analysis on the ASE, according to 
the methods of Geisz et al. (2008), they were re-extracted using a chloroform: 
methanol (1:2; v:v) mixture to remove lipids (Bligh and Dyer, 1959). Samples, 
contained in pre-cleaned (72 hour soxhlet extraction with 1:2 chloroforrmmethanol 
mixture) filter papers (55 mm, hardened ashless, Whatman) were removed from the 
ASE cells following lipid extraction, transferred to pre-cleaned glass jars and kept 
frozen until stable isotope analysis (-80°C for fish samples and -20°C for seal milk 
samples).
For krill samples, lipid removal occurred using soxhlet extraction. Lipid was 
extracted from these samples with a mixture of chloroform:methanol (1:2; v:v) over 
three days. Samples were contained in pre-cleaned filter papers (150 mm, hardened 
ashless, Whatman). After extraction, solvent was allowed to evaporate from the 
samples in the hood for ~ 1 hour and the dry samples were transferred to pre-cleaned 
glass jars and frozen (-80°C) until the stable isotope analyses were completed.
Samples were weighed out for stable isotope analysis (-1 mg dry weight for 
seal milk, fish and krill samples, and ~7 mg dry weight for phytoplankton) and 
wrapped in tin cups (5x9 mm, pressed tin capsules, Costech). Blanks and international 
standards (USGS 40 and USGS 41) were analyzed on the EA-IRMS after every ten 
samples. Samples were analyzed for 13C/12C and 15N /14N and expressed in delta
13notation relative to standards (i.e., Vienna PeeDee Belemite for 5 C and atmospheric 
nitrogen (AIR) for 515N).
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Data Analysis
Prior to statistical analyses, the data were manipulated to handle non- 
quantifiable concentrations of POPs (i.e, below detection of the GC-MS) and address 
minor contamination introduced during the extraction procedure as determined by 
analysis of routine blanks. Contaminants that were detected in the majority of 
individuals are reported. For the small number of events in which concentrations of 
POPs were not quantifiable (i.e., below detection), the lowest concentration of the 
contaminant for the group (phytoplankton, krill, fish or seal milk) was determined and 
divided by three (Dickhut et al., 2009; Geisz, 2010). This value was used for the non- 
quantifiable concentrations. For seal milk POPs concentrations for five breeding 
seasons (2000-01, 2001-02, 2004-05, 2009-10, and 2010-11), the contaminant 
concentrations were blank-corrected since a minor and brief contamination event 
occurred in the lab while these samples were being extracted.
All statistical analyses were performed in R statistical software. All data were 
tested for normality and equal variance prior to analysis. Since most POPs and Hg 
concentration data did not meet these assumptions, a Box-Cox transformation was 
performed prior to analysis. One-way Analysis of Variance (ANOVA) was used to test 
for significant difference in contaminant concentrations between different Antarctic 
species. Following ANOVA, pair-wise comparisons were performed whenp  <0.05.
For a few contaminants (e.g., PCBs 180 and 187), a Student’s t-test was used to test 
for significant differences between different species since these contaminants were 
only detected in fish and seals. Significant differences were identified whenp  <0.05.
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Additionally, one-way ANOVA with pairwise comparisons as needed was used for 
each contaminant to determine whether significant differences occurred between 
different krill classes (juveniles, adults, and gravid females). For most contaminants, 
there were no significant differences and no consistent pattern was identified across all 
contaminants. Therefore, all krill classes were grouped together in the data analyses 
for contaminants in the WAP food web. Significant differences in contaminant 
concentrations were detected between seal milk collected during different field seasons 
(see Chapter 2). However, the variation was determined to be minimal relative to the 
variation between biota so seal milk data from different years was grouped.
A two-source isotope-mixing model with weighted averages was used to 
calculate the contributions of fish (Antarctic silverfish and myctophid fish) and 
Antarctic krill, described in Fry (2008), to the diets of Antarctic fur seals. Prior to 
entering the §15N value for Antarctic fur seal milk into the equation, a value of 3.4 was 
subtracted from S15N value to account for trophic level fractionation (Fry, 2008). The 
following equation was used:
/ t o t a l i  /  / t OTAL2 “ ( f j f 2 ) / ( w j w 2) so that 
T O T A L I =  /  *  i r  / ( / I *W2+ and / t o t a l ? =  1 -  / t o t a l i
where W1 and W2 refer to the %o N values for the two food sources (krill and fish). 
Since no statistically significant differences were found in the S15N values for seal 
milk from females of different breeding status (primiparous vs. multiparous) and from
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females sampled during different breeding seasons (see chapter 2), the 515N value used 
for seal milk was the overall average for the values from five breeding seasons (2000- 
01, 2001-02, 2004-05, 2009-10, and 2010-11). To account for possible instrument bias 
or other systematic error, 515N values for seal milk from the breeding season of 2005- 
06 were not included because these samples were analyzed at a difference facility than 
all other seal milk samples.
Relationships between POPs concentrations in fish and stable isotope values 
were only examined for Antarctic silverfish since extracts from myctophid fish were 
not amenable to POPs analysis by GC-MS. Both Antarctic silverfish and myctophid 
fish were used for the data analyses associated with mercury concentrations and stable 
isotope data plotted against mercury concentrations.
RESULTS
POPs in the Antarctic Peninsula Food Web
Some pesticides were only detected in Antarctic fur seals (y- and a-HCH, 
oxychlordane, p,p ’ DDD, o,p ’ DDT, p,p ’ DDT, p,p ’ DDE, and mirex) (Figures 2, 
Tables 1 to 2). Additionally, cA-nonachlor was found in all species, except for 
phytoplankton. Pesticides detected in multiple Antarctic species (trans- and cis- 
nonachlor, and y- and a-chlordane) occurred in significantly different concentrations 
between these organisms (p <0.001 for these compounds). The patterns of pesticide 
concentrations across different Antarctic biota varied (Figures 2). Concentrations of 
trans- and cA-nonachlor were highest in Antarctic fur seal milk, although the
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concentrations of these pesticides in seal milk were only statistically higher than those 
in phytoplankton and krill. Concentrations of trans- and czs-nonachlor increased 
progressively from krill to Antarctic silverfish to Antarctic fur seal milk. In contrast, 
concentrations of y- and a-chlordane were highest in phytoplankton, followed by 
Antarctic silverfish. Concentrations of these contaminants were similar in krill and 
Antarctic fur seal milk but lower than those in phytoplankton and fish. Concentrations 
of y- and a-chlordane in phytoplankton were only significantly higher than those in 
krill and seal milk, but not fish. Results for POPs concentrations in silverfish should be 
considered with caution since the sample size was small («=2).
Some PCBs were detected in all samples, including whole phytoplankton, krill, 
Antarctic silverfish, and Antarctic fur seal milk (Figures 3, Tables 1 and 2). In 
contrast, other PCBs, mostly those with the highest octanol-water partition coefficients 
(Kow), were only detected in Antarctic silverfish and/or Antarctic fur seal milk (i.e., 
PCBs 128, 187, 156, 167, 170, 180, 195, and 206). PCBs that were measured at 
detectable levels in multiple Antarctic species (i.e., PCBs 101, 105, 118, 138, 153,
187, and 180) had significantly different concentrations between these organisms (p 
<0.001 for all compounds). Trends in PCB concentrations across the Antarctic biota in 
this study varied (Figure 3). Phytoplankton, dominated by diatom species, had the 
highest concentrations of PCBs 101, 105, 118, 138 and 153 and concentrations of three 
of these compounds (PCBs 101, 105, and 118) were significantly higher in 
phytoplankton than in all other organisms. Concentrations of PCB 138 in 
phytoplankton were significantly higher than those in krill, and concentrations of PCB 
153 in phytoplankton were significantly higher than those in krill and fish. Excluding
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phytoplankton, concentrations of most of these PCBs (105, 118, 138, and 153) 
progressively increased from krill to fish to seal milk (Figure 3). Seal milk 
concentrations of PCBs 105, 118, 138 and 153 were significantly higher than in krill. 
Concentrations of PCB 101 exhibited an entirely different pattern than the other PCBs; 
concentrations of PCB 101 were significantly higher in fish than in seal milk. Another 
interesting pattern was that concentrations of PCBs 187 and 180 were generally higher 
in seal milk than in fish, although the trend was not statistically significant.
In order to explore the relationship between POPs and trophic relationships, 
concentrations of POPs in phytoplankton, krill, Antarctic silverfish and Antarctic fur 
seal milk were plotted against 515N values for these organisms (Figure 4 to 13, Table
1). Concentrations of trans- and cA-nonachlor, and PCBs 105, 118, 138, and 153 
increase with increasing 515N from krill to Antarctic silverfish to Antarctic fur seal 
milk. Similarly, concentrations of PCBs 187 and 180 in fish and seal milk increase 
with expected trophic level of these organisms. Interestingly, contaminant 
concentrations in phytoplankton exceeded those of at least one higher trophic level 
organism (i.e., higher 615N signature than phytoplankton), for ^nms'-nonachlor, y- and 
a-chlordane, and PCBs 101, 105, 118, 138, and 153 (Figures 4, 5, 7, 8-11). 
Concentrations of a- and y-chlordane, and PCB 101, were higher in fish than seal milk 
(Figures 4, 7 and 8).
Mercury in the Antarctic Peninsula Food Web
Total mercury concentrations were similar in phytoplankton and krill but 
increased significantly (/?<0.001) from these lower trophic level organisms to fish
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(myctophid and Antarctic silverfish) and seal milk (Figure 14, Table 3). However, 
concentrations of total mercury in higher trophic-level organisms (fish and seal milk) 
were not significantly different from one another. This may be due to the high 
variability in total mercury concentrations in the seal milk samples. Similar to POPs, 
mercury concentrations in fish must be considered cautiously since the sample size 
was small (w=5). No significant differences were found between total mercury 
concentrations in seal milk across the two sampling years (2001-02 and 2002-03). Yet, 
there was interannual variability in concentrations of POPs in seal milk (see Chapter
2). Caution should be used when interpreting the absence of interannual differences in 
the mercury concentrations since the seal milk samples used for these analyses were 
only collected from two breeding seasons, while POPs analyses were conducted on 
samples from five breeding seasons. Total mercury concentration in milk from one 
individual seal was considerably higher (4.27 ppm dry weight) than the average 
concentration observed in the other 25 individuals (mean = 0.051 ±  0.018 ppm dry 
weight excluding the outlier seal; range of <0.01 to 0.465 ppm dry weight). Another 
consideration is that mercury in fish was measured on whole body tissues (i.e. mostly 
muscle) whereas seal milk represents just the mercury excreted by the female, and 
might be lower than concentrations in muscle tissue or whole body.
Total mercury concentration increased with increasing 515N for phytoplankton, 
krill, fish, and seal milk (Figure 15). Although the concentration of total mercury 
increased with the increasing 515N from phytoplankton to krill, concentrations of total 
mercury were similar in organisms at lower (phytoplankton and krill) and higher (fish 
and seal milk) trophic levels (Table 3).
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513C and 615N Signatures in the Antarctic Food Web
Mean 515N and S13C values for all seal milk samples from five breeding 
seasons (2000-01, 2001-02, 2004-05, 2009-10, and 2010-11) were 10.74 ± 0.11 and - 
22.20 0.11 %o (Table 1). Additionally, 515N values were 2.22 ± 0.60, 4.26 ± 0.23, and
1 310.86 ± 0.11 %o for phytoplankton, krill and silverfish, respectively. 5 C signatures 
were -27.98 ± 1.66, -24.53 ± 0.72, and -21.46 ± 0.021 %o for phytoplankton, krill and 
silverfish, respectively. Note, §15N, which is an indicator of trophic position, did not 
entirely follow the expected pattern with increasing trophic level, and instead 
increased as follows: phytoplankton < krill < seal milk ~ silverfish. Similarity in the 
515N signatures of seal milk and silverfish may indicate a common prey type or 
feeding at the same trophic level.
DISCUSSION
Biomagnification of POPs and Mercury in the WAP Food Web
Results from this study indicate that POPs and mercury are biomagnifiying in 
the WAP food web. Biomagnification occurs when tissue concentrations of a 
contaminant increase with increasing trophic level, while bioconcentration is the 
uptake of a contaminant into tissues of an organism from the surrounding environment. 
Both mechanisms contribute to the concentrations of contaminants in an organism’s 
tissues.
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Biomagnification o f POPs
The number of detectable POPs increased in the order: plankton < fish < seal 
milk (Figures 2 and 3), which is consistent with the biomagnifying nature of these 
compounds. Excluding phytoplankton, cis- and trans-nom.c\Aor and almost all PCBs 
(105, 118, 138, 153, 187, and 180) showed patterns consistent with the biomagnifying 
potential of these POPs and the expected trophic position of the biota: krill < fish < 
seal milk (Figures 4a, 9-13). Biomagnification factors for Antarctic silverfish and 
Antarctic fur seals relative to krill ranged from 3 to 7 and 1 to 34, correspondingly 
(Table 4). There was also a significant pattern of higher concentrations of a few 
compounds (e.g., a- and y-chlordane and PCB 101) in fish relative to seal milk 
(Figures 4b, 7 and 8). Antarctic silverfish fish are thought to have diets consisting 
primarily of euphausiids with the dry weight of euphausiids (14% of the euphausiids 
being Euphausia superba) in silverfish stomachs 15-50 times that of the dry weight of 
the next most important food items: copepods, gastropods, and gammarid amphipods 
(Hubold, 1985). More recently, Pinkerton et al. (2012) found that fish and krill 
dominated the silverfish diet by weight (48% and 22%, respectively), followed by 
copepods (10%). Additionally, the authors noted differences in prey composition 
between different life stages of silverfish. Larval/post-larval silverfish (standard length 
(SL) <90 mm) exclusively consumed copepods, juvenile silverfish (SL 96-151 mm) 
mostly ate krill by weight, and large adult silverfish (SL >179 mm) primarily 
consumed fish by weight (Pinkerton et al., 2012). Antarctic furs seals appear to 
consume fish, such as Antarctic silverfish, and krill (Polito and Geobel, 2010). Thus, it 
is perhaps not surprising that concentrations of POPs in silverfish are similar to or
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greater than those in seal milk. Indeed, the 515N signatures of Antarctic silverfish and 
fur seal milk were similar (10.86 ± 0.11 and 10.74 ± 0.11 %o, respectively), indicating 
that they consume prey from similar trophic positions in the Antarctic Peninsula food 
web.
Similarly, other studies have suggested biomagnification of POPs in Antarctic 
food webs. Goerke et al. (2004) demonstrated biomagnification of highly lipophilic 
POPs (i.e., log octanol-water partition coefficient ( K o w )  > 5) in biota collected from 
the Weddell Sea and around Elephant Island, Antarctica. Top predators such as 
Weddell (.Leptonychotes weddellii) and southern elephant (Mirounga leonina) seals 
(second level carnivores) had POPs concentrations that were 30- to 160-fold higher 
than krill, except for HCB. First level carnivores -  Adelie penguin (.Pygoscelis 
adeliae), Nichol’s lantemfish (Gymnoscopelus nicholsi), mackerel icefish 
(Champsocephalus gunnari), blunt scalyhead (Trematomus eulepidotus), and Antarctic 
silverfish (Pleuragramma antarcticum) -  had higher POPs concentrations than krill 
but lower than the top predators. Biomagnification factors (relative to krill) ranged 
from 2 to 28, 2 to 12, 3 to 6, 2 to 12, and 2 to 6 for penguins, lantern fish, icefish, blunt 
scaly head and Antarctic silverfish, respectively. Biomagnification factors for POPs in 
glacial squid (Psychroteuthis glacialis), another first level carnivore, ranged from 2 to 
5, with the exception of HCB and B8-1413 (Goerke et a l, 2004).
Biomagnification of Total Mercury
Like POPs, mercury likely biomagnifies in the WAP food web. Total mercury 
concentrations increase significantly from plankton (phytoplankton and Antarctic krill)
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to higher trophic levels (fish-myctophid and Antarctic silverfish, and Antarctic fur 
seals) (Figure 14). The increase in total mercury concentration with the 515N signature 
of the organism, from phytoplankton and krill to fish to seals is also consistent with 
biomagnification (Figure 15).
Consistent with these findings, Bargagli et al. (1998) found a progressive 
increase in total mercury concentrations in biota from Terra Nova Bay as follows: 
phytoplankton < zooplankton and benthic primary consumers < detritivorous and 
opportunistic benthic invertebrates < epipelagic fish < demersal fish and plankton- 
feeding seabirds < fish-eating penguins < predatory birds and Weddell seal. Honda et 
al. (1987) also observed the biomagnification of total mercury in an Antarctic food 
web near Syowa Station (69°00’S, 39°35’E). The authors reported increasing total 
mercury concentrations as follows: zooplankton (copepods and Antarctic krill) < fish 
(Trematomus bernacchii, Pagothenia borchgrevinki, Notothenioidei, and myctophid)
< birds and mammals (e.g. Adelie penguins, Weddell seals, and southern minke 
whales (Baraenoptera acutorostrata)).
Exceptions to Biomagnification of Contaminants in the WAP Food Web 
Lower Trophic Level POPs Trends
Although the results of this study indicate biomagnification of contaminants in 
the WAP food web, biomagnification may not be occurring at the base of the food 
web. Interestingly, concentrations of some POPs in phytoplankton were higher than 
concentrations in whole krill, fish, and seal milk. These POPs include /ram'-nonachlor, 
y- and a-chlordane, and PCBs 101, 105, 118, 138 and 153 (Figures 2 and 3).
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Additionally, concentrations of y- and a-chlordane and PCB 101 in seal milk are 
remarkably similar to those of their common prey item, Antarctic krill (Figures 2 and
3), suggesting these compounds may not biomagnify greatly in this predator and, 
perhaps, may be subject to specific elimination in fur seals. Similarly, Goerke et al. 
(2004) found that HCB did not biomagnify in their analysis of the blubber from 
Weddell and southern elephant seals.
Previous studies also report higher concentrations of some POPs in 
phytoplankton relative to concentrations in organisms at higher trophic levels than 
phytoplankton. Chuichiolo et al. (2004), for example, found concentrations of bromo- 
diphenyl ethers (BDEs) 47, 99, and 100 decreased as follows: ice algae > juvenile krill 
> summer plankton (mostly diatoms) > adult krill. Similarly, HCB concentrations 
decreased as follows: ice algae > juvenile krill > adult krill > summer plankton 
(Chuichiolo et al. 2004). Additionally, Corsolini and Forcardi (2000) assessed 
bioconcentration factors in the pelagic trophic web in the Ross Sea, consisting of 
phytoplankton, zooplankton, krill, Antarctic silverfish and Adelie penguins. 
Interestingly, Corsolini and Forcardi (2000) found the largest increments in PCB 
concentration were from water to phytoplankton and from fish to seabirds, 
demonstrating the importance of bioconcentration at the base of the food web in 
determining the concentrations and fate of POPs in Antarctic food webs. The findings 
of Chuichiolo et al. (2004) and Corsolini and Forcardi (2000) are consistent with 
results from this study showing that the concentrations of some POPs may be higher in 
phytoplankton relative to upper trophic level organisms and suggesting that some 
POPs do not biomagnify at the base of Antarctic food webs.
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Lower Trophic Level Total Mercury Trends
As observed for some POPs in this study, mercury does not appear to 
biomagnify at the base of the WAP food web. Total mercury concentrations in 
phytoplankton and krill are similar although 515N increases from phytoplankton to 
krill, suggesting biomagnification of mercury is not occurring at the base of the food 
web. This result contrasts with Bargagli et al. (1998) who found significantly higher 
concentrations of total mercury in krill than phytoplankton.
The absence of biomagnification of mercury at the base of food webs has been 
found previously, similar to what was observed in this study. Knauer and Martin 
(1972) did not find that mercury concentrations increased from phytoplankton to 
zooplankton in Monterey Bay and measured higher mean total mercury concentrations 
in phytoplankton (207 ± 26% ng g '1) than zooplankton (119 ± 10% ng g"1). It is 
important to note, however, that total mercury rather than MeHg, the biomagnifying 
species of mercury, was analyzed in samples in this study. The mercury measured in 
the krill and higher trophic level organisms is most likely MeHg, since it is the species 
that is assimilated (Morel et al. 1998). In fact, MeHg is assimilated by zooplankton 
four times more efficiently than inorganic mercury, the other bioavailable form of 
mercury (Mason et al., 1996). In contrast, phytoplankton take-up both MeHg and 
inorganic mercury by passive diffusion (Mason et al., 1996). It is possible that analysis 
of phytoplankton and krill for MeHg would reveal biomagnification at lower trophic 
levels, in contrast to what was observed for total mercury. Yet, previous research by
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Mason et a l (1996) found high levels of MeHg uptake in diatoms in seawater 
conditions, while inorganic mercury uptake rates were low in seawater.
Possible Explanations for High Concentrations of POPs in Phytoplankton 
Relative to Upper Trophic level Organisms
Physiology
Chuichiolo et al. (2004) suggested some physiological explanations for the lack 
of biomagnification at the base of the WAP food web, which are plausible reasons for 
similar findings in this study. Biodilution occurs when organisms rapidly produce new 
lipid and is one possible explanation for observations in this study. Antarctic krill 
increase their lipid stores during the summer season (Hagen et al., 1996). Likewise, fur 
seals are mobilizing lipid from blubber stores, as well as synthesizing “new” lipid, to 
produce high quantities of milk during the lactation period (Polito and Goebel, 2010). 
Production of “new” (contaminant-free) lipid at a faster rate than contaminant uptake 
may result in dilution of lipid-associated contaminants; this has been hypothesized as 
an explanation for lower PCB concentrations in Arctic zooplankton relative to 
particulate matter (Joiris et al., 1997).
A second explanation could be growth dilution, the process where the growth 
rate of an organism exceeds the rate of contaminant uptake, resulting in lower 
concentrations of pollutants in the growing biomass and decreasing concentration per 
unit lipid biomass. This process may explain the higher concentrations of contaminants 
in juvenile krill than adult krill (Chuichiolo et a l, 2004). Indeed, like Chuichiolo et al. 
(2004), in this study a trend was observed where contaminant concentrations in 
juvenile krill exceeded those of adult and gravid krill for some compounds: trans­
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nonachlor, y- and a-chlordane PCBs 101, 118, 138, and 153, but the differences were 
not statistically significant (results not shown). Alternatively, these results may be 
explained by differing capacities to eliminate POPs (Chuichiolo et al., 2004). As a 
third possible explanation, typically, higher trophic level organisms are better able to 
metabolize (e.g., via processes like dechlorination, hydroxylation and excretion) POPs 
than lower trophic organisms (Fisk et al., 2001; Jones and de Voogt, 1999).
Differential Partitioning o f POPs across Species and Tissue Types
In addition to physiological explanations, matrix effects may contribute to the 
trend of high concentrations of POPs in phytoplankton relative to upper trophic level 
animals. POPs concentrations partition differently between different tissues and 
partitioning differs between species. For instance, contaminants partitioned more into 
blubber than blood and milk in gray seals (Sormo et al., 2003). Future studies where 
POPs are quantified in different matrices in Antarctic fur seals, such as blubber, may 
reveal different patterns of concentration and biomagnification for these compounds in 
the WAP food web.
Glacial Melting and Higher POPs Concentrations in Phytoplankton
Glacial melting may also contribute to the higher concentrations of POPs 
measured in phytoplankton in this study compared to higher-trophic-level organisms. 
Concentrations of POPs in phytoplankton likely reflect ambient concentrations due to 
the short life span of phytoplankton (days) and rapid uptake of POPs in seawater via 
passive diffusion (Sodergren, 1968; Rice and Sikka, 1973; Swackhamer and Skoglund,
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1993; Stange and Swackhamer, 1994). Glacial melting may be a major mechanism for 
introducing relict POPs sequestered in glacial ice layers to the aquatic environment 
and Antarctic food webs (Macdonald et a l , 2000; Blais et a l , 2001a; Blais et al., 
2001b; Diamond et al., 2005; Geisz et al., 2008). Glacial melting in the WAP is on the 
increase due to rapid climate warming (Jacobs and Hellmer, 1996; Dierssen et a l, 
2002; Vaughan et al., 2003; Vaughan, 2006). Once mobilized from glaciers, seasonal 
loadings of POPs enter the aquatic environment and are introduced into the base of the 
food web via phytoplankton. While the surrounding environment influences 
phytoplankton POPs concentrations, contaminant concentrations in higher trophic 
levels are determined by a number factors, such as physiology (e.g., biodilution or 
metabolic pathways of transformation or elimination of POPs), migration, diet, age, 
gender, and breeding status, among others (Tanabe et al., 1994; Ross et al., 2000; 
Ylitalo et al, 2001). Additionally, the longer lifespan of upper trophic level organisms 
than phytoplankton results in the POPs concentrations reflecting a longer period of 
time (Fisk et a l, 1998). The phytoplankton samples in this study were collected in the 
austral summer, a time of heightened glacial melting. It is possible that POPs derived 
from rapid glacial melting in the WAP at this time of year contributed to the high 
concentrations of POPs measured in phytoplankton, whereas this input of POPs may 
not be noticeable in upper trophic level POPs signatures because of the various factors 
influencing their concentrations, as well as the longer time represented by their 
concentrations. While glacial melting may not contribute significantly to the total load 
of POPs in the marine environment, it can have temporally short, local impacts on 
seawater POPs concentrations (Macdonald et a l, 2005). Considering the short lifespan
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of phytoplankton and their direct uptake of POPs, local, brief changes in POPs 
concentrations in the environment may be more noticeable in phytoplankton than in 
upper trophic level organisms.
Explanations for the Lack of Biomagnification of Total Mercury at the Base of 
the WAP Food Web
The lack of biomagnification of mercury at the base of the food web, indicated 
by the similarities in total mercury concentrations in phytoplankton and krill, may be 
due to temporal and/or geographic differences between these samples. Knauer and 
Martin (1972) noted considerable variation in total mercury concentrations with time 
(January to November 1971) and within a region (Monterey Bay, California), 
particularly for phytoplankton. These authors suggest that both hydrographic and 
biological factors may cause variability in total mercury concentrations of plankton. 
Such factors would likely affect phytoplankton total mercury concentrations more 
rapidly than those in higher trophic level organisms because of differences in 
nutritional modes and growth rates, among other variables (Knauer and Martin, 1972). 
Other factors also contribute to variability in total mercury concentrations. Chen and 
Folt (2005) found that phytoplankton density was negatively correlated with total 
mercury concentrations in phytoplankton and their consumers, zooplankton. Similarly, 
zooplankton density was negatively correlated with total mercury concentrations in 
zooplankton and in herbivorous and predatory fish (Chen and Folt, 2005). During the 
summer season, phytoplankton composition and concentration is variable within the 
West Antarctic Peninsula region (Garibotti et a l, 2003). This variability may
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contribute to the lack of an increase in mercury concentrations from phytoplankton to 
krill.
Possible Effects of Total Mercury Concentrations on Antarctic Biota
A few studies have found associations between mercury concentrations and 
adverse health effects in upper trophic level organisms, such as marine mammals 
(Wolfe et al., 1998; Fisk et a l, 2005). These effects include liver damage, decline in 
appetite and body weight, lethargy and death (Ronald et a l, 1977; Law, 1996; Wolfe 
et a l, 1998; Fisk et a l, 2005). Comparisons between the concentrations associated 
with these effects and measured concentrations in this study (Antarctic fur seal milk) 
are limited since the effects studies were based on concentrations in other matrices 
(brain, blood, kidney and liver) and in different species (ringed seal, walrus, and harp 
seal) (Ronald et a l, 1977; Law, 1996; Wolfe et a l, 1998; Fisk et a l, 2005). 
Concentrations reported in this study (0.213 ±0.163 ppm dry weight, including 
outlier) are lower than those in studies documenting adverse effects in marine 
mammals (range of 14.8 (brain tissue) to >60 (liver tissue) ppm wet weight) (Law, 
1996; Wolfe et a l, 1998; Fisk et a l, 2005). One animal in this study had a 
concentration of total mercury (4.27 ppm dry weight) that was within the range of 
concentrations associated with adverse health effects in other mammals (Burbacher et 
a l, 1990; Scheuhammer et a l, 2007). The effects of mercury concentrations in female 
fur seal milk could also be considerable since juvenile animals are at a critical life 
stage. Similar to POPs, previous research has indicated that young exposed to mercury 
during gestation and from suckling may suffer effects, such as on neurological
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function (Wagemann et al., 1988; Barbosa et al., 1998; Jedrychlowski et al., 2006; 
Mergler et al., 2007). However, given the small sample size used in this study and the 
limited amount of information available, caution should be taken in drawing 
conclusions regarding the effects of mercury on fur seals at this time.
POPs Compositions across Different Antarctic Biota
The composition of different POP groups varied across the Antarctic organisms 
analyzed. Contributions of the different contaminants decreased as follows for 
phytoplankton: JPC B s > ^chlordanes; for krill and Antarctic silverfish: ^chlordanes 
> XPCBs; for Antarctic fur seal milk: £DDTs > ^chlordanes >^m irex > JdPCBs > 
XHCHs (Table 2). However, for krill and fish Xchlordanes and XPCBs are very 
similar, and for seal milk ^chlordanes, ]n™rex> and XPCBs are very alike. The 
dominance of ^ D D Ts in the POPs pool in fur seal milk is interesting, especially 
considering that DDT compounds were below detection limits in lower trophic level 
organisms. However, our results are consistent with Goerke et al. (2004) who reported 
that p,p ’ DDE had the highest concentrations in Weddell and southern elephant seals 
relative to the concentrations of all other POPs (HCB, nonachlor III, /Ams-nonachlor, 
Q l, B8-1413, PCBs 153, 138, and 180, and mirex) in their tissues.
Surprisingly, unlike this study, DDT compounds were detected in Antarctic 
krill and Antarctic silverfish in previous studies (Corsolini et al., 2003; Goerke et al., 
2004). The absence of DDT and its metabolites in krill and silverfish in this study may 
be a result of differing instrumental capabilities. Alternatively, the absence could be 
due to regional variation. For instance, the pattern of POPs in penguins from the
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Antarctic Peninsula was: HCB > DDTs > PCBs, which differs from the pattern in 
penguins from the Ross Sea: PCBs > DDTs > HCB (Corsolini et al., 2009). Corsolini 
et al. (2009) suggested that this variation was due to a number of factors, such as 
differing global transport patterns for POPs, the use of different chemicals in various 
countries, and air mass movements in the southern hemisphere. While this study 
focused on species within the WAP, Goerke et al. (2004) and Corsolini et al. (2003) 
quantified p,p ’ DDE in samples from the Weddell and Ross Seas, respectively. 
Additionally, the presence of DDT and its metabolites in Antarctic fur seal milk may 
be due to the winter migrations of fur seals, some of which approach the South 
American coast in winter months (Hinke et al., 2012). The migrations of these seals 
may cause them to have a higher exposure to contaminants than phytoplankton, krill 
and silverfish, which do not undergo long migrations.
Lastly, the predominance of DDT and its degradation products in the milk of 
the Antarctic fur seal may be a consequence of their higher ability to metabolize PCB 
and chlordane compounds relative to DDT compounds (Goerke et a l, 2004). The 
octanol-water coefficient (Kow) of a contaminant indicates its lipophilicity and water 
solubility, with a higher Kow suggesting greater lipophilicity and lower water 
solubility. Contaminants that are highly lipophilic and have low water-solubilities 
generally have a greater biomagnification potential than those that are less lipophilic 
and more water-soluble (Borga et al., 2004). However, the Kow values of chlordanes, 
PCBs and DDT compounds are relatively similar (~ 5.75 to 7) and, therefore, do not 
explain the stark shift in XDDT dominating the fur seal POPs pool compared to the 
POPs compositions of phytoplankton, krill and silverfish (Mackay et al., 1991;
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Mackay et al., 1997). Perhaps, fur seals are better able to metabolize chlordane and 
PCB compounds than DDT and its metabolites. Previous research has demonstrated a 
capacity of marine mammals to metabolize some chlordanes and PCBs (Kawano et al., 
1988; Tanabe et al., 1988; White et al., 2000). Additionally, Wolkers et al. (2006) 
found a higher metabolic capacity of certain PCBs and chloradanes than p,p ’ DDE in 
marine mammals. However, caution should be taken when extrapolating these results 
to Antarctic fur seals since the metabolic capacities can vary between species and the 
research on metabolism of POPs in marine mammals is limited (Wolkers et al., 2006).
The Diet of Antarctic Fur Seals indicated by POPs and Total Mercury Results
Polito and Goebel (2010) determined the diet compositions of individual fur 
seals that belong to the population involved in this study, during the 2006-07 and 
2007-08 breeding seasons, years not included in this project, based on scat analysis. 
The authors also assessed the relationship between the proportion of scats with squid 
and fish vs. the 515N of Antarctic fur seal milk. The authors found that krill dominated 
the diet throughout the breeding season with squid and fish having a smaller and 
temporally variable contribution to the fur seal diet. Polito and Goebel (2010) also 
found a significant correlation between percent of scat with squid and fish remains and 
the 515N of the fur seal milk, suggesting that scat and 515N analyses provide similar 
information on the diet compositions of fur seals.
This study used chemical tracers -  POPs concentrations, total mercury 
concentrations and 615N signatures -  to make inferences about the Antarctic fur seal 
diet, as well as a stable isotope mixing-model to calculate the contribution of fish and
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krill to the diet of fur seals. As mentioned above, since mercury and POPs biomagnify 
in food webs, these chemical tracers are useful in determining diet (Ramos and 
Gonzalez-Solis, 2012). For most contaminants, Antarctic fur seal milk had higher 
concentrations than fish, in some cases, significantly (PCBs 105, 138 and 153, and 
trans- and czs-nonachlor). Yet, some concentrations of POPs (y- and a-chlordanes, and 
PCB 101) were higher in fish than seal milk. Thus, the pattern in POPs concentrations 
in silverfish and sea milk is not consistent, with concentrations of some POPs in 
silverfish exceeding those in seal milk and vice versa for other POPs. Interestingly, the 
S15N signatures of Antarctic fur seals were similar to those for silverfish (10.74 ± 0.11 
and 10.86 ± 0.11 %o for seal milk and fish, respectively). The fish species included in 
this study are thought to consume a range of prey, including plankton, euphausiids, 
copepods, amphipods, and even fish (Hubold, 1985; Phelger et al., 1997; Pinkerton et 
al., 2012). The similar 515N signatures between silverfish and seal milk, as well as 
inconsistent POPs trends between these species, indicate a common prey, plankton, 
such as Euphausia superba, or fish. From the calculations of the isotope-mixing 
model, discussed above, it was determined that the percent contributions of krill and 
fish to the fur seal diet were 53.73 and 46.27, respectively, indicating that krill 
compose a greater proportion of the fur seal diet than fish although not substantially. 
These results support the findings of Polito and Goebel (2010) who found that 
Antarctic krill is the dominant prey item for this population of fur seals although fish, 
such as Antarctic silverfish, do contribute to their diet. In contrast to Polito and Goebel 
(2010), however, this study suggests that fish comprise a greater proportion of the fur 
seal diet than indicated previously. Development of a model incorporating multiple
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tracers (e.g., POPs, mercury and/or isotope signatures) may give additional insights 
into the diets of fur seals, perhaps indicating long-term vs. short-term dietary 
preferences (Ramos and Gonzalez-Solis, 2012).
SUMMARY
Contaminants-persistent organic pollutants (POPs) and total mercury, as well
13 15as 5 C and 6 N signatures, were measured in members of the West Antarctic 
Peninsula (WAP) food web: phytoplankton, Antarctic krill, Antarctic silverfish, and 
Antarctic fur seals. The concentrations of POPs and total mercury measured in 
members of the WAP food web indicate the biomagnifying potential of these 
contaminants. The concentrations of a number of detectable POPs (trans- and cis- 
nonachlor, and PCBs 105, 118, 138, and 153) increased with increasing trophic level 
(indicated by S15N): krill < fish < seal milk. Additionally, the number of detectable 
POPs increased with trophic level: phytoplankton < krill < fish < seal milk, consistent 
with the biomagnifying nature of these contaminants. Interestingly, concentrations of 
some POPs (y- and a-chlordane, and PCBs 101, 105, 118, 138, and 153) were higher 
in phytoplankton than other organisms in this food web. Factors contributing to higher 
POPs concentrations in phytoplankton compared to upper trophic level organisms 
include biodilution, growth dilution, differing metabolic capacities between species 
and local effects due to glacial melting. Like POPs, the concentrations of total mercury 
in members of the Antarctic Peninsula food web indicate that this trace metal 
biomagnifies in the WAP food web, with concentrations of total mercury in predators
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(fish and seals) being significantly higher than those in plankton (phytoplankton and 
zooplankton). The lack of biomagnification at the base of the food web (phytoplankton 
and krill), like POPs, has been observed previously and may be due to several factors, 
such as the temporal and geographical variation of the samples or the phytoplankton 
density.
The diet of the Antarctic fur seal was considered in light of the chemical 
signatures of this predator and its possible prey items, krill and fish. The higher POPs 
and total mercury concentrations in fur seals than fish suggest seals are consuming 
prey at a higher trophic level than the prey consumed by fish. Yet, some POPs 
concentrations were significantly higher in fish than Antarctic fur seals, indicating 
common prey. An isotope-mixing model revealed that krill and silverfish composed 54 
and 46 % of the Antarctic fur seal diet, respectively.
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Figure 1. Study sites. Map of approximate study sites. Seal milk samples were collected at Cape 
Shirreff, Livingston Island within the South Shetland Islands of Antarctica. Phytoplankton, krill and fish 
samples were collected off Palmer Station within the Palmer Long Term Ecological Research (LTER) 
study region (Ducklow et al., 2012). Image from mapas.owje.com.
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Figure 2. Pesticides in Antarctic species (a) Pesticide concentrations (ng g" lipid) in selected 
organisms representing the WAP food web (whole phytoplankton, krill, Antarctic silverfish and 
Antarctic fur seal milk). A one-way ANOVA with pairwise comparisons was performed for each 
compound measured in more than two Antarctic species (trans- and cA-nonachlor, and y-and a- 
chlordane). Significant differences were found for all of these compounds (p <0.001 for all) and are 
indicated with letters where a different letter from another indicates that concentrations of the given 
POP are significantly different. Compounds are presented in order of increasing octanol-water 
partition coefficient (Kow)- (b) Pesticide concentrations (ng g"1 lipid) in Antarctic fur seal milk. 
Note, concentrations of the following POPs were below the detection limit o f the instrument in 
phytoplankton, krill, and fish: y- and a-HCH, oxychlordane, p ,p ’ DDD, o,p’ DDT,/?,/?’ DDT, /?,/?’ 
DDE, and mirex. Also, cA-nonachlor was not quantifiable in phytoplankton.
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Figure 3. PCBs in Antarctic species (a) PCB concentrations (ng g"' lipid) in selected organisms 
representing the WAP food web (whole phytoplankton, krill, silverfish and Antarctic fur seal milk). 
A One-Way ANOVA with pairwise comparisons was performed for each compounds measured in 
more than two Antarctic species (PCBs 101, 105, 118, 138, and 153). For all POPs, significant 
differences were found between concentrations in different organisms (see text), and are indicated 
with letters where a different letter from another indicates that concentrations of the given POP are 
significantly different, (b) A student’s t-test was used to determine significant differences between 
contaminant concentrations in two Antarctic species (PCBs 187 and 180). Compounds are presented 
in order of increasing K0w- If concentrations of a given POP are not presented for a species, then 
concentrations of that POP were below the detection limit of the instrument.
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Figure 4. POPs vs. 815N. Plot of (a) Concentrations of PCB 153 concentrations (ng g'1 lipid) 
vs. 5I5N for whole phytoplankton, krill, Antarctic silverfish and Antarctic fur seal milk, and (b) 
concentrations of a-chlordane vs. 615N for whole phytoplankton, krill, Antarctic silverfish and 
Antarctic fur seal milk.
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Figure 5. fra/is-nonachlor vs. 81SN. Plot of /rarc.s'-nonachlor concentrations (ng g'1 lipid) vs. 515N 
(%o) for whole phytoplankton, krill, and Antarctic silverfish, and Antarctic fur seal milk.
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Figure 6. c/s-nonachlor vs. 815N. Plot of cA-nonachlor concentrations (ng g'1 lipid) vs. 5I5N (%o) 
for whole krill and Antarctic silverfish, and Antarctic fur seal milk.
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Figure 7. y-chlordane vs. 5 1SN . Plot o f y-chlordane concentrations (ng g ‘'lipid) vs. 515N (%o) for 
whole phytoplankton, krill, and Antarctic silverfish, and Antarctic fur seal milk.
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Figure 8. PCB 101 vs. 815N. Plot o f PCB 101 concentrations (ng g'1 lipid) vs. 515N ( % o )  for whole 
phytoplankton, krill, and Antarctic silverfish, and Antarctic fur seal milk.
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Figure 9. PCB 105 vs. 815N. Plot of PCB 105 concentrations (ng g '1 lipid) vs. 815N (%o) for whole 
phytoplankton, krill, and Antarctic silverfish, and Antarctic fur seal milk.
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Figure 10. PCB 118 vs. 815N. Plot of PCB 118 concentrations (ng g'1 lipid) vs. 5I5N (%o) for whole 
phytoplankton, krill, and Antarctic silverfish, and Antarctic fur seal milk.
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Figure 11. PCB 138 vs. 815N. Plot o f PCB 138 concentrations (ng g'1 lipid) vs. 515N ( % o )  for whole 
phytoplankton, krill, and Antarctic silverfish, and Antarctic fur seal milk.
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Figure 12. PCB 187 vs. 51SN. Plot of PCB 187 concentrations (ng g'1 lipid) vs. 515N (%o) for whole 
Antarctic silverfish and Antarctic fur seal milk.
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Figure 13. PCB 180 vs. 815N. Plot of PCB 180 concentrations (ng g '1 lipid) vs. 515N (%o) for 
whole Antarctic silverfish and Antarctic fur seal milk.
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Figure 14. Total mercury in Antarctic biota. Total mercury concentration (ppm) in 
whole phytoplankton, krill, Antarctic silverfish and Antarctic far seal milk. Data were 
Box-Cox transformed and a one-way ANOVA with pairwise comparisons was 
performed. A significant difference in total mercury concentration was found between 
the lower (phytoplankton and krill) and higher (fish and seal milk) trophic level 
organisms {p <0.001). Significant differences are indicated by letters where the same 
letter indicates that concentrations were not different statistically.
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Figure 15. Total mercury vs. 815N. Plot o f total mercury concentration (ppm) vs. 815N 
for whole phytoplankton, krill, and Antarctic silverfish, and Antarctic fur seal milk.
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Table 1. POPs concentrations and 815N in Antarctic biota. Mean ± standard error (SE) for POP 
concentrations (ng g"1 lipid) and 5I5N (%o) in whole phytoplankton, Antarctic krill, and Antarctic 
silverfish, and in Antarctic fur seal milk. *For krill, 77=15 for trans- and cA-nonachlor, and 77=10 and 
^^^nbij3h^tO £lanktor^m dJaTlkj'cs|)ectivel^^oiA )^N ^aluej^^^^^^^^^^^^^^^^^^^^
Phytoplankton Krill Silverfish Seal Milk
Sample Size 
a-HCH 
y-HCH 
Oxychlordane
*trans- 
Nonachlor 
*cis- 
Nonachlor 
y-Chlordane 
a-Chlordane 
p,p ’ DDD 
o,p ’ DDT 
p,p ’ DDT 
p,p ’ DDE 
Mirex
PCB 101
PCB 105
PCB 118
PCB 128
PCB 138
PCB 153
PCB 187
PCB 156
PCB 167
PCB 170
PCB 180
PCB 195
PCB 206
*51SN
6
3.17 ±0.775
7.46 ± 1.73 
4.95 ± 1.17
12.7 ±3.21 
2.37 ±0.834 
5.79 ± 1.86
3.50 ± 1.19 
4.84 ± 1.34
0.014 ±0.002
2.22 ±0.603
18
0.351 ±0.042
0.060 ± 0.004
1.06 ±0.094 
0.745 ± 0.082
1.08 ±0.166 
0.101 ± 0.020 
0.399 ±0.047
0.203 ±0.037 
0.376 ±0.044
0.016 ±0.002
4.26 ±0.233
2
2.20 ±0.614
0.451 ±0.130
4.12 ±0.999
2.14 ±0.496
3.39 ±0.010 
0.397 ±0.199 
1.76 ± 0.128
1.28 ±0.130
1.21 ±0.008 
0.107 ±0.053
0.106 ±0.012
0.227 ±0.041
10.86 ± 0.112
57
0.270 ± 0.022 
0.824 ±0.079
4.26 ±0.231
12.0 ±0.641
1.48 ±0.101
0.914 ±0.053 
0.816 ± 0.155
9.14 ±0.468
3.26 ±0.214
21.1 ±  1.11 
72.1 ±3.65
16.7 ± 1.44 
1.25 ±0.068
0.805 ±0.033 
2.32 ±0.106 
0.629 ± 0.032
3.74 ±0.201
4.14 ± 0.214 
0.327 ±0.019 
0.382 ± 0.020 
0.225 ±0.012 
0.610 ±0.041 
1.67 ± 0.101 
0.048 ± 0.003 
0.058 ±0.004
10.74 ± 0.110
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Table 2. Loads of POPs in Antarctic biota. Total burdens o f different POP groups: ^HCHs, 
£chlordanes, XDDT, mirex, and XPCBs (ng g'1 lipid) ± SE in whole phytoplankton, Antarctic krill, 
Antarctic silverfish and Antarctic fur seal milk.
Contaminant
Group Phytoplankton Krill Fish Seal Milk
XHCHs 1.09 ±0.082
XChlordanes 15.6 ±2.23 2.22 ±0.132 8.91 ± 1.28 19.5 ±0.669
XDDTs 106 ±3.85
^M irex 16.7 ± 1.44
ZPCBs 29.2 ± 4.20 2.16 ±0.183 8.37 ±0.279 16.2 ±0.342
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Table 3. Total mercury in Antarctic species. Mean total mercury concentrations ± standard 
error (SE) (ppm) in mixed phytoplankton species (n=6), Antarctic krill (Euphausia superba) 
(h=16), Antarctic silverfish (Pleuragramma antarcticum) (>7=4) and Antarctic fur seal 
(Arctocephalus gazella) milk (n=26, includes outlier seal).________________________________
Phytoplankton Krill Fish Seal Milk
0.014 ±0.002 0.016 ±0.002 0.106 ±0.012 0.213 ±0.163
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Table 4. Biomagnification factors. Biomagnification factors for 
Antarctic silverfish and Antarctic fur seals relative to Antarctic krill.
Contaminant
Group Fish Seal Milk
/ram'-nonachlor 6 34
c/s-nonachlor 7 25
y-Chlordane 4 1
a-Chlordane 3 1
PCB 101 3 1
PCB 105 4 8
PCB 118 4 6
PCB 138 6 18
PCB 153 3 11
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CONCLUSIONS
Results of my M.S. thesis project indicate several factors that may influence 
contaminant concentrations in an Antarctic apex predator, the Antarctic fur seal. Based 
on the results presented in Chapter 2, breeding status clearly contributes to variation in 
POPs concentrations among female fur seals, while migration and changes in global 
emissions of POPs are plausible explanations for temporal variation in POPs 
concentrations across multiparous female fur seals. In contrast, the diet of the fur seals, 
as well as age, did not appear to significantly contribute to the interannual variation in 
POPs concentrations observed over the study period.
Additionally, the findings of Chapter 3 suggest that concentrations of these 
contaminants (POPs and mercury) among members of the WAP food web are 
influenced by their biomagnifying nature. Yet, biomagnification does not exclusively 
explain the patterns of POPs and mercury in Antarctic biota. High concentrations of 
POPs in phytoplankton relative to those in upper trophic level organisms indicate that 
other factors may be influencing POPs trends, such as physiological factors, 
differential partitioning of POPs across species and different tissues, and inputs of 
POPs via glacial melting. Similar to previous studies, the absence of biomagnification 
for mercury at the base of the food may result from geographic or temporal variability 
across the samples, or the density of phytoplankton. Differences in the composition of 
POPs across Antarctic biota, most notably the dominance of DDT and its metabolites 
in seal milk relative to other species, may result from several factors. As shown in
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previous studies, differences in the metabolic capabilities of the species studied could 
explain the variation in POPs compositions between the Antarctic biota. If so, this 
study indicates that chlordanes and PCBs are more metabolizable than DDT and its 
degradation compounds in Antarctic fur seals. Migration is also a plausible 
explanation for the high concentration of some POPs in the migratory fur seals. Some 
of these compounds were not quantifiable in WAP phytoplankton, krill and silverfish, 
which do not undertake long migrations. Additionally, the chemical tracers analyzed in 
WAP biota during this study were useful in determining the diets of predators and may 
provide additional information than traditional techniques (e.g., scat analysis) since the 
chemicals integrate diet over a longer period of time. Results from this study, for 
example, suggest that fish may contribute more to the diet of Antarctic fur seals than 
previously thought.
Considering the results of this study, future research further exploring causes of 
variation in contaminant concentrations in Antarctic biota, such as testing the 
hypotheses that migration affects POPs concentrations in fur seal milk and that local 
inputs of POPs via glacial melting influence phytoplankton POPs concentrations, 
would benefit our understanding of the fate and distribution of POPs in the WAP food 
web. Additionally, since female fur seals appear to transfer POPs to their pups by 
lactation research on the POPs burdens in seal young, as well as possible effects from 
POPs exposure via suckling should be explored. Lastly, further statistical analyses 
involving multiple chemical tracers (e.g., contaminants and isotopes) may provide 
additional insights into the diets of fur seals.
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Table A l. Sample information. Sample information -  species, collector, time period of 
collection, and location -  for the samples analyzed for total mercury, POPs, and S15N and 813C in
Sample Species Collector SamplingPeriod
Location
Seal milk Antarctic fur seal Mike Goebel 2000-01 Cape Shirreff,
(.Arctocephalns 2001-02 Livingston Island
gaze I la) 2004-05
2005-06
2009-10
2010-11
(62°28’S, 60°46’W), 
off the tip of the WAP
Fish Antarctic silverfish Kate Ruck, 2010-11 Palmer Long-Term
(Pleuragramma Deborah Ecological Research
antarticuum) Steinberg (LTER) study area 
(64°46’S, 64°3’W)
Krill Antarctic krill Heidi Geisz, 2007-08 Palmer Long-Term
(Euphausia Kate Ruck, 2010-11 Ecological Research
superba) Deborah
Steinberg
(LTER) study area 
(64°46’S, 64°3’W)
Phytoplankton Diatom-dominated Kate Ruck, 2009-10 Palmer Long-Term
Deborah 2010-11 Ecological Research
Steinberg (LTER) study area 
(64°46’S, 64°3’W)
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Table A2. Sample information for seal milk. Sample information
Shirreff, Livingston Island
for Antarctic fur seal milk samples. 
, Antarctica. ND = not determined.
Sample ID Age Year Breeding Status
10 13 2005-06 Multiparous
18 13 2005-06 Multiparous
40 19 2005-06 Multiparous
92 14 2005-06 Multiparous
100 18 2005-06 Multiparous
113 12 2005-06 Multiparous
115 13 2005-06 Multiparous
184 17 2009-10 Multiparous
184 17 2010-11 Multiparous
185 13 2005-06 Multiparous
188 9 2000-01 Multiparous
190 12 2000-01 Multiparous
192 7 2000-01 Multiparous
195 13 2000-01 Multiparous
196 9 2000-01 Multiparous
197 11 2000-01 Multiparous
199 14 2000-01 Multiparous
200 ND 2000-01 Multiparous
201 15 2000-01 Multiparous
202 16 2000-01 Multiparous
203 8 2000-01 Multiparous
204 9 2000-01 Multiparous
205 10 2000-01 Multiparous
206 14 2000-01 Multiparous
207 7 2000-01 Multiparous
208 8 2000-01 Multiparous
211 16 2000-01 Multiparous
213 9 2000-01 Multiparous
214 7 2000-01 Multiparous
215 13 2000-01 Multiparous
216 11 2000-01 Multiparous
233 10 2001-02 Multiparous
236 9 2001-02 Multiparous
236 13 2005-06 Multiparous
239 11 2001-02 Multiparous
245 15 2001-02 Multiparous
250 8 2001-02 Multiparous
253 10 2001-02 Multiparous
255 13 2009-10 Multiparous
257 13 2001-02 Multiparous
316 11 2005-06 Multiparous
341 16 2010-11 Multiparous
342 14 2009-10 Multiparous
346 12 2005-06 Multiparous
350 12 2004-05 Multiparous
350 13 2005-06 Multiparous
351 17 2005-06 Multiparous
352 15 2005-06 Multiparous
353 14 2004-05 Multiparous
355 13 2004-05 Multiparous
355 14 2005-06 Multiparous
358 ND 2004-05 Multiparous
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359 8 2005-06 Multiparous
360 10 2005-06 Multiparous
361 13 2004-05 Multiparous
361 14 2005-06 Multiparous
362 ND 2004-05 Multiparous
364 8 2004-05 Multiparous
367 9 2004-05 Multiparous
367 14 2010-11 Multiparous
369 11 2004-05 Multiparous
372 18 2004-05 Multiparous
381 13 2005-06 Multiparous
382 14 2005-06 Multiparous
382 14 2005-06 Multiparous
383 7 2005-06 Multiparous
385 7 2005-06 Multiparous
387 13 2005-06 Multiparous
388 11 2005-06 Multiparous
389 9 2010-11 Multiparous
389 5 2005-06 Primiparous
392 13 2009-10 Multiparous
416 9 2009-10 Multiparous
428 12 2009-10 Multiparous
435 13 2009-10 Multiparous
447 13 2009-10 Multiparous
455 14 2009-10 Multiparous
460 ND 2010-11 Multiparous
461 ND 2010-11 Multiparous
473 ND 2010-11 Multiparous
479 ND 2010-11 Multiparous
482 ND 2010-11 Multiparous
491 ND 2010-11 Multiparous
1782 7 2005-06 Multiparous
1834 7 2005-06 Multiparous
2520 5 2005-06 Primiparous
2756 5 2005-06 Primiparous
2789 5 2005-06 Primiparous
2855 5 2005-06 Primiparous
U-00778 14 2005-06 Multiparous
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Table A3. PCBs in fur seal milk. Concentrations (ng g~' lipid) of PCBs in fur seal milk. *Seal sampled 
during two breeding seasons, with asterisk indicating concentration for most recent sampling year._____
ID 101 105 118 128 138 153 156 167 170 180 187 195 206
184 0.83 0.40 1.24 0.30 2.04 2.18 0.19 0.12 0.32 0.73 0.26 0.03 0.03
184* 2.08 0.76 2.14 0.49 3.06 3.13 0.27 0.19 0.45 1.27 0.32 0.03 0.03
188 1.01 0.67 1.72 0.50 3.66 3.26 0.35 0.19 0.51 1.34 0.31 0.04 0.06
190 1.23 0.82 2.35 0.60 3.31 4.04 0.37 0.22 0.58 1.65 0.32 0.06 0.07
192 1.79 1.26 3.87 1.02 6.21 5.12 0.53 0.27 0.78 1.91 0.35 0.07 0.06
195 0.94 1.15 3.50 0.94 5.96 6.48 0.62 0.40 1.14 2.87 0.37 0.11 0.13
196 1.79 1.14 3.26 0.90 5.06 6.44 0.53 0.33 0.99 2.68 0.36 0.08 0.11
197 1.20 1.03 3.17 0.90 5.65 6.12 0.62 0.31 1.25 2.65 0.50 0.09 0.15
199 1.04 0.68 1.83 0.50 2.70 3.35 0.31 0.18 0.43 1.35 0.32 0.03 0.04
200 1.09 0.86 2.31 0.63 4.36 4.01 0.36 0.20 0.62 1.66 0.33 0.05 0.08
201 1.00 0.88 2.47 0.72 4.40 5.01 0.42 0.27 0.73 2.20 0.37 0.06 0.08
202 1.40 0.89 2.52 0.70 5.01 4.58 0.43 0.25 0.78 1.91 0.33 0.07 0.08
203 1.14 0.65 1.79 0.52 3.06 3.54 0.36 0.21 0.56 1.57 0.39 0.05 0.06
204 1.18 1.20 3.84 1.25 7.83 8.32 0.85 0.49 1.65 4.73 0.52 0.13 0.13
205 2.08 1.11 3.31 0.93 5.24 6.13 0.59 0.34 0.85 2.57 0.56 0.07 0.08
206 1.46 0.75 2.13 0.59 3.78 3.81 0.39 0.20 0.62 1.66 0.41 0.05 0.08
207 0.85 0.60 1.69 0.43 2.42 3.20 0.27 0.17 0.40 1.30 0.15 0.03 0.03
208 1.83 0.75 2.05 0.54 2.81 3.54 0.35 0.17 0.54 1.50 0.44 0.04 0.05
211 1.78 1.38 4.02 1.27 7.29 7.25 0.78 0.42 1.19 2.91 0.71 0.10 0.10
213 0.70 1.32 4.25 1.12 6.72 8.85 0.75 0.50 1.18 3.42 0.31 0.08 0.08
214 1.19 1.21 3.86 1.14 7.10 7.45 0.51 0.29 1.44 2.94 0.41 0.08 0.11
215 1.39 1.07 3.23 0.95 6.00 5.49 0.55 0.27 0.92 2.39 0.49 0.08 0.11
216 1.10 0.80 2.49 0.63 4.22 4.13 0.39 0.21 0.69 1.46 0.28 0.04 0.04
233 0.70 0.60 1.72 0.45 2.59 2.90 0.30 0.17 0.42 1.08 0.21 0.04 0.04
236 1.00 0.64 1.44 0.41 2.37 2.32 0.25 0.12 0.39 0.91 0.20 0.03 0.04
239 1.20 0.87 2.08 0.66 3.56 3.55 0.39 0.19 0.63 1.35 0.33 0.05 0.07
245 2.62 0.98 2.60 0.76 5.04 5.10 0.48 0.25 0.73 2.04 0.75 0.05 0.07
250 1.12 0.78 2.34 0.58 4.17 4.21 0.42 0.22 0.59 1.47 0.42 0.05 0.06
253 0.90 0.53 1.48 0.43 2.68 2.92 0.28 0.16 0.51 1.35 0.32 0.04 0.06
255 1.01 0.74 2.35 0.66 3.73 4.28 0.49 0.31 0.71 1.91 0.38 0.07 0.08
257 1.89 1.04 2.75 0.86 4.75 5.52 0.45 0.28 0.68 1.98 0.59 0.05 0.05
341 1.01 0.87 2.62 0.65 3.84 4.51 0.38 0.25 0.64 1.46 0.29 0.05 0.06
342 0.88 0.57 1.73 0.42 2.56 2.64 0.23 0.14 0.33 0.85 0.17 0.02 0.02
350 1.27 0.46 1.14 0.31 1.71 1.92 0.18 0.10 0.21 0.72 0.22 0.02 0.04
353 1.29 0.63 1.75 0.47 3.31 3.47 0.29 0.21 0.48 1.49 0.19 0.04 0.04
355 1.70 0.86 2.41 0.69 3.30 4.17 0.40 0.23 0.18 1.51 0.44 0.04 0.04
358 2.99 1.06 2.64 0.78 3.64 4.72 0.41 0.24 0.58 1.58 0.64 0.04 0.05
361 1.26 0.48 1.22 0.32 2.10 2.21 0.18 0.10 0.29 0.84 0.18 0.03 0.03
362 1.10 1.06 2.92 0.74 3.65 5.05 0.36 0.24 0.59 1.69 0.19 0.03 0.04
364 0.98 0.43 1.01 0.31 1.44 1.90 0.17 0.10 0.24 0.78 0.14 0.02 0.03
367 2.11 0.84 2.35 0.60 3.28 3.84 0.33 0.19 0.50 1.32 0.32 0.03 0.03
367* 1.06 0.52 1.56 0.41 2.43 2.63 0.25 0.14 0.42 1.10 0.28 0.03 0.04
369 1.01 0.66 1.59 0.45 2.18 2.76 0.25 0.13 0.36 1.00 0.23 0.03 0.04
372 2.12 0.55 1.41 0.39 1.98 2.54 0.21 0.14 0.30 0.94 0.35 0.03 0.03
389 1.08 0.92 2.79 0.63 2.87 4.20 0.33 0.20 0.52 1.36 0.26 0.02 0.03
392 0.81 1.08 3.40 0.86 4.81 5.92 0.52 0.31 0.84 2.33 0.21 0.05 0.06
416 1.01 0.91 2.76 0.69 4.38 4.54 0.44 0.26 0.75 1.96 0.25 0.04 0.05
428 0.52 0.42 1.41 0.31 1.96 2.16 0.19 0.12 0.27 0.77 0.08 0.02 0.02
435 0.85 0.66 2.15 0.60 3.79 4.25 0.42 0.28 0.67 2.10 0.35 0.05 0.07
447 0.98 0.84 2.79 0.69 4.28 5.71 0.52 0.40 0.74 2.47 0.33 0.05 0.05
455 0.48 0.46 1.41 0.33 2.21 2.61 0.27 0.18 0.30 1.09 0.13 0.04 0.04
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460 1.05 0.82 2.61 0.60 3.12 3.82
461 1.47 0.85 2.23 0.55 3.15 3.27
473 0.52 0.43 1.42 0.32 1.60 2.15
479 0.70 0.54 1.59 0.43 3.11 2.98
482 1.72 0.77 2.14 0.53 3.61 3.47
491 0.86 0.63 1.72 0.42 1.98 2.41
0.37 0.21 0.50 1.50 0.23 0.04 0.05
0.27 0.16 0.39 1.28 0.28 0.03 0.04
0.18 0.11 0.23 0.76 0.09 0.02 0.02
0.26 0.17 0.44 1.40 0.24 0.03 0.04
0.29 0.18 0.42 1.22 0.32 0.03 0.04
0.24 0.13 0.29 0.81 0.19 0.02 0.03
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Table A4. Pesticides in fur seal milk. Concentrations (ng g'1 lipid) of pesticides in fur seal milk. Note: 
oxychlordane, g-chlordane, a-chlordane, /rara-nonachlor, c/s-nonachlor and mirex are abbreviated as 
oxy, g-chlor, a-chlor, trans-non, cis-non and mir, respectively. *Seal sampled during two breeding
ID a  - 
HCH
Y - 
HCH
Oxy Y-
chlor
a -
chlor
tram
-non
P,P
DDE
o,p
DDT
cis-
non
P #
DDD
P,P
DDT Mir
184 0.15 0.10 2.44 0.59 0.55 5.55 34.3 2.10 1.06 5.06 12.5 6.82
184* 0.11 0.88 2.69 0.88 0.63 6.82 48.2 2.65 1.21 5.76 13.8 8.13
188 0.40 0.64 4.67 1.20 0.63 11.7 54.2 4.30 1.90 8.40 23.6 15.5
190 0.66 0.69 4.51 1.38 0.91 13.0 62.4 4.54 1.56 9.99 21.4 14.9
192 0.33 0.83 6.50 1.53 1.01 18.6 77.1 2.81 3.04 10.0 29.5 18.4
195 0.48 0.76 6.97 1.17 0.73 17.2 116 4.48 1.85 9.61 28.3 32.4
196 0.35 0.68 6.49 1.21 0.76 20.2 120 3.98 1.33 11.1 32.3 27.8
197 0.32 0.65 5.99 1.52 0.95 18.6 102 5.03 2.63 10.4 36.1 38.7
199 0.31 0.52 3.99 0.90 0.88 12.4 63.1 3.58 1.52 8.84 20.7 13.9
200 0.29 0.50 4.54 0.82 0.37 14.5 68.1 3.06 1.20 9.17 28.3 24.0
201 0.31 0.54 4.53 0.82 0.65 15.9 90.5 4.07 1.74 8.86 27.5 23.2
202 0.42 0.63 5.20 1.73 1.02 16.7 83.2 6.66 3.00 13.1 32.9 24.0
203 0.21 0.57 3.59 0.98 0.95 10.7 54.2 3.02 1.73 5.49 19.2 13.1
204 0.33 0.60 8.49 1.60 1.45 20.2 134 3.47 3.11 8.22 28.1 48.9
205 0.32 0.57 7.70 0.98 0.49 20.6 111 3.41 1.62 10.9 33.9 28.0
206 0.36 0.69 5.22 0.82 0.59 13.3 70.9 4.93 1.71 12.0 25.8 22.6
207 0.25 0.71 4.01 0.55 0.63 10.8 59.5 1.45 1.16 4.11 14.1 9.71
208 0.38 0.80 4.51 0.95 0.69 12.9 60.3 5.27 1.53 11.2 24.2 15.4
211 0.51 0.55 5.43 0.86 0.56 18.2 94.4 5.74 1.42 17.4 32.2 23.8
213 0.44 0.69 7.46 0.88 0.51 18.8 137 3.49 1.53 10.4 22.9 25.7
214 0.41 0.82 8.04 1.16 0.54 23.8 126 5.48 1.96 18.8 36.3 37.9
215 0.36 0.59 8.11 1.21 0.51 20.7 101 4.99 1.75 12.0 41.0 30.0
216 0.47 0.65 5.85 1.49 1.15 14.9 80.2 4.34 2.57 11.9 22.1 15.4
233 0.17 0.40 4.26 0.51 0.51 9.54 52.6 1.80 0.97 4.86 19.3 11.1
236 0.13 0.38 2.86 0.67 0.53 6.46 29.8 1.63 0.83 5.14 9.77 8.08
239 0.15 0.50 3.91 0.92 0.80 9.12 49.3 2.60 1.39 6.68 17.3 12.4
245 0.26 0.43 5.10 0.97 0.69 14.7 83.0 7.48 1.69 14.9 34.5 20.3
250 0.23 0.39 4.60 0.94 0.87 12.5 70.0 3.02 1.89 9.73 24.3 16.4
253 0.28 0.42 3.49 1.05 1.04 8.65 43.2 2.68 1.54 5.65 15.6 14.9
255 0.21 0.26 3.48 0.69 0.69 9.62 65.8 3.10 1.19 7.38 16.5 13.9
257 0.32 0.53 5.90 1.43 1.21 16.8 84.4 6.07 3.14 15.4 28.2 17.3
341 0.14 1.33 4.93 0.64 0.47 11.4 75.0 2.44 0.96 9.58 22.1 11.4
342 0.08 0.17 3.28 0.49 0.38 8.89 61.3 0.60 0.85 16.0 3.54 5.48
350 0.19 1.25 2.16 1.02 0.61 5.93 35.9 2.22 0.83 5.13 9.73 7.31
353 0.25 1.52 3.20 0.93 0.54 10.6 55.2 2.05 1.05 7.63 14.5 13.9
355 0.28 1.66 3.77 2.66 9.34 14.2 82.0 6.65 4.44 11.5 24.7 14.1
358 0.28 1.49 3.99 0.89 0.53 14.6 98.6 6.59 1.45 13.8 35.0 14.3
361 0.31 1.35 2.20 0.75 0.55 5.87 36.5 1.58 0.76 5.21 13.0 8.58
362 0.14 1.49 5.14 0.80 0.50 17.0 118 2.20 1.00 9.09 19.3 13.3
364 0.23 1.51 1.90 0.90 0.72 5.50 30.7 1.62 0.92 4.32 11.3 7.03
367 0.17 2.06 3.56 0.67 0.61 11.8 69.7 2.84 1.12 9.84 18.8 7.81
367* 0.11 0.96 2.47 0.41 0.44 6.63 43.8 3.06 0.71 8.48 15.6 7.34
369 0.25 1.77 3.44 0.70 0.40 10.6 56.5 2.63 0.76 8.37 16.0 9.88
372 0.26 3.43 2.31 1.13 0.83 6.77 40.0 3.29 0.88 6.88 11.2 9.18
389 0.11 1.22 3.60 0.76 0.80 12.9 93.6 2.53 1.78 9.66 23.3 7.95
392 1.12 0.06 5.84 0.49 0.81 14.5 103 1.44 2.02 4.37 18.0 14.9
416 0.10 0.11 3.36 0.55 0.40 10.3 75.8 1.92 0.99 7.93 18.8 10.7
428 ' 0.13 0.10 2.02 0.43 0.37 5.45 37.2 1.00 0.53 3.92 6.96 4.47
435 0.16 0.13 3.71 0.77 0.89 8.53 65.2 3.72 1.62 11.1 20.0 16.8
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447 0.17 0.09 4.09 0.57 0.55 8.32 85.2 2.02 1.17 6.03 14.9 14.6
455 0.18 0.13 2.28 0.43 0.36 4.70 39.2 1.68 0.65 4.26 7.87 7.31
460 0.23 1.53 3.77 1.01 0.63 11.2 85.6 3.18 1.37 13.9 23.7 11.7
461 0.11 1.06 2.66 0.58 0.38 9.05 87.2 2.72 0.64 12.7 22.2 11.6
473 0.10 1.24 2.18 0.43 0.35 6.24 41.5 1.22 0.59 5.72 11.7 60.8
479 0.15 0.83 1.52 0.46 0.51 7.24 48.3 1.88 0.89 7.90 13.0 11.8
482 0.10 1.19 2.97 0.59 0.59 9.38 74.0 2.77 1.08 8.84 21.7 9.68
491 0.12 1.26 1.84 0.65 0.46 5.63 45.7 0.95 0.59 6.19 13.9 4.76
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Table A5. SI3C and 815N for fur seal milk samples. 5bC and 5 1 N (%o) for fur 
seal milk samples as well as age, breeding season, and sampling ID information.
ID Age Year 515N 513C
184 17 2009-10 9.77 -21.4
184 17 2010-11 10.4 -21.2
188 9 2000-01 10.9 -21.6
190 12 2000-01 10.6 -22.5
192 7 2000-01 12.0 -21.2
195 13 2000-01 10.1 -22.3
196 9 2000-01 10.8 -22.1
197 11 2000-01 10.7 -22.6
199 14 2000-01 11.0 -21.9
200 ND 2000-01 10.7 -22.4
201 15 2000-01 10.6 -21.6
202 16 2000-01 11.4 -22.3
203 8 2000-01 11.1 -21.9
204 9 2000-01 10.0 -22.6
205 10 2000-01 9.61 -23.1
206 14 2000-01 10.1 -22.1
207 7 2000-01 11.9 -21.2
208 8 2000-01 9.80 -23.5
211 16 2000-01 11.1 -21.5
213 9 2000-01 10.9 -21.5
214 7 2000-01 10.1 -22.9
215 13 2000-01 10.5 -22.0
216 11 2000-01 10.6 -22.0
233 10 2001-02 11.3 -22.1
236 9 2001-02 11.6 -22.1
239 11 2001-02 11.0 -23.0
245 15 2001-02 10.8 -23.1
250 8 2001-02 11.2 -21.3
253 10 2001-02 11.8 -21.5
255 13 2009-10 11.0 -21.6
257 13 2001-02 10.3 -22.0
341 16 2010-11 11.8 -21.8
342 14 2009-10 8.96 -23.7
350 12 2004-05 11.3 -22.2
353 14 2004-05 10.3 -22.8
355 13 2004-05 10.9 -22.6
358 ND 2004-05 10.7 -22.5
361 13 2004-05 10.5 -22.1
362 ND 2004-05 11.3 -22.7
364 8 2004-05 10.9 -20.6
367 9 2004-05 11.2 -23.1
367 14 2010-11 10.8 -22.8
369 11 2004-05 8.92 -23.7
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372 18 2004-05 10.7 -22.2
389 9 2010-11 11.5 -22.9
392 13 2009-10 9.72 -21.5
416 9 2009-10 11.2 -22.0
428 12 2009-10 11.1 -20.8
435 13 2009-10 10.3 -22.4
447 13 2009-10 10.1 -21.4
455 14 2009-10 10.0 -21.5
460 ND 2010-11 9.20 -23.6
461 ND 2010-11 9.92 -23.5
473 ND 2010-11 9.95 -23.6
479 ND 2010-11 11.4 -22.0
482 ND 2010-11 11.9 -22.9
491 ND 2010-11 13.8 -19.6
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